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I. INTRODUCTION 
Refractory metals and their alloys are of Interest In high 
temperature applications because of their high melting points, high 
temperature strengths, ability to be fabricated into desired shapes, 
adequate ductility at both room and high operating temperatures, and 
resistance to radiation damage. These metals and alloys are also 
candidate materials for the first wall of controlled thermonuclear 
reactors. 
The interaction of substitutional and interstitial (s^l) solutes 
and of Interstitial •^interstitial (I'^l) solutes in bcc metals is a 
subject of continuing Interest. Group VA metals are Ideally suited for 
this type of study due to their high solid solubility for interstitial 
solutes, such as oxygen and nitrogen. In the present investigation, 
tensile tests will be used to study the effect of S'^l and 1^1 
interactions, if any, on the mechanical properties of selected group VA 
metals. In conjunction with tensile tests, Internal friction 
measurements which are widely used to Investigate the nature of these 
Interactions [1] will also be carried out. 
Evidence for trapping of oxygen by vanadium in niobium has been 
reported from dlffuslvlty [2, 3] and activity coefficient measurements 
[3^5]. de Avillez and Altstetter [5] Interpreted the decrease In the 
dlffuslvlty [2] and activity coefficient [4] of oxygen by vanadium In 
niobium as due to trapping. However, Albert et al. [3] and Pine and 
Cotts [6] suggested that the decrease in dlffuslvlty of the 
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Interstitial solute in the ternary alloy is due to other meohanisms 
than trapping. Thus, it seems that besides the diffusivity and 
activity measurements, it will be beneficial to have some other 
measurements suoh as internal friction measurements, which can give 
more information about the short-range s-i or i-^i interactions. 
The oxygen Snoek peak in a number of bcc metals has been reviewed 
by Weller [7]. However, the effect of hydrogen addition on the oxygen 
Snoek peak in niobium has not been investigated extensively. Schiller 
and Schneider [8] reported that the addition of hydrogen does not 
affect the height of the oxygen Snoek peak in niobium. 
Schiller and Schneider [8] have also studied the effect of oxygen 
on the hydrogen relaxation peak in niobium. Zapp and Birnbaum [9] 
obtained a value for the binding energy in the order of 9.7 kJ/mol. for 
the O'^H interaction at low temperature. Owen et al. [10] also studied 
the hydrogen relaxation peak in Nb-V alloys. The effect of oxygen on 
the hydrogen relaxation peak of Nb-V alloys, however, has not been 
investigated to date. 
In the present investigation, the purposes of internal friction 
measurements are: 1 ) to study the effect of vanadium additions from 
0.24 up to 10 at% to niobium on the oxygen relaxation peak; 2) to 
determine the effect of hydrogen additions on the oxygen Snoek peak in 
niobium; 3) to investigate the effect of oxygen additions on the 
hydrogen relaxation peak, particularly for the Nb-10 at? V alloy. 
The I.F. results for the Nb-0.24 at? V and Nb-0.42 at? V alloys 
will be compared to those for the V-0.5 at? Nb alloy obtained by Owen 
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[11]. In addition to the I.F. measurements, diffusion data for the 
Nb-^0.50 at% V ^ 0.25 at% 0 alloy and the Nb^lO at% V 0.25 at% 0 alloy 
obtained by Tseng [12] will be used to calculate the trapping energy of 
oxygen by vanadium. An attempt will also be made to understand the 
driving force of this trapping energy in terms of two principal 
factors, i.e., chemical and elastic interactions [2, 13*^4]. 
It is known that Interstitial impurities, i.e., oxygen, nitrogen, 
and hydrogen, have a pronounced effect on the mechanical properties of 
niobium and niobium alloys. The tensile properties of these alloys, 
like other bcc metals, are characterized by a strong temperature 
dependence of their flow stress, ductlle^brittle,transition behavior, 
and mechanical twinning at low temperature. 
Loomis and Gerber [15], M. G. Ulitchny [16], and A. K. Vasudevan 
[17] studied the effect of oxygen additions from 0.017 to 0.23 atj6 on 
the yield stress of single^crystal niobium for the temperature range 
77^425 K. The results showed that the oxygen content strongly 
influences the thermal as well as the athermal component of the 
resolved shear stress. They concluded that the presence of 
interstitial impurities can substantially increase the thermal 
component of the yield stress of niobium at low temperatures. No 
evidence for alloy softening was observed at low oxygen concentrations 
In any of these Investigations. Ravi and Gibala [18] have also 
Investigated the effect of oxygen additions up to 0.43 at% on the 
resolved shear stress of single crystal niobium for the temperature 
range 4.2^550 K. Their results were similar to those of the above 
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investigators with the exception of an indication of alloy softening in 
the low oxygen concentrations. Ravi and Gibala reported that the 
maximum in the SRS is shifted to higher temperatures with increasing 
oxygen levels which they attributed to solute clustering. Ulitchny 
[16] and Vasudevan [17] found that the strain rate sensitivity (SRS) 
values increase with increasing oxygen content, but that there is no 
effect of concentration on the SRS peak temperature. This behavior of 
the SRS is attributed to an ideal alloy^hardened system which 
contradicts the finding of Ravi and Gibala [18]. 
The data of Ulitchny [16] and Vasudevan [17] indicate that the 
activation volume, V*/b', is essentially independent of oxygen content. 
This is in contrast to the results of Ravi and Gibala [10] that show a 
concentration dependence of activation volume. Ulitchny [16] and 
Vasudevan [17] also found that the activation enthalpy, AH*, increases 
with increasing oxygen concentration. 
Recently, Spitzig, Owen and Scott [19] determined the effects of 
oxygen on the mechanical behavior of hydrogenated polycrystalline V, Nb 
and Ta. Their results show that the increase in the yield stress of Nb 
due to oxygen is essentially independent of temperature over the 
temperature range of 78^295 K. In other words, for oxygen additions of 
up to 0.2 at$, the thermal and athermal components of the yield stress 
are increased by the same amount in this temperature range. 
Owen et al. [20] have also studied the effect of hydrogen on the 
mechanical properties of Nb^ V alloys. Their results for the Nb^ lO at% 
5 
V alloy show greater ductility at low temperatures than for either of 
the pure metals or for any of the other Nb^V alloys studied. 
In the present investigation, the purposes of the tensile tests 
are: a) to determine the effect of oxygen on the yield stress, 
ductility, strain^rate sensitivity, activation volume and activation 
enthalpy of the Nb'^IO at% V alloy; and b) to investigate the combined 
effects of oxygen and hydrogen on the aforementioned mechanical 
properties for the Nb^lO at$ V alloy. 
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II. THEORY 
A. Internal Friction 
An elastic or mechanical relaxation is defined as the 
self^adjustment of a thermodynamic system toward a new equilibrium 
state in response to a change in a mechanical external variable, e.g., 
a stress or a strain [21]. The anelastic relaxation of Interstitial 
atoms such as C, N or 0 in bcc metals, known as Snoek relaxation, is 
based on the stress^induced reorientation of these interstitiels 
between octahedral sites. 
The internal friction, Q^', caused by a mechanical relaxation of 
interstitial atoms may be described, to a good approximation, for a 
single relaxation process, by the simple Debye equation: 
Q^'(wT) = A wT/Cl+w't') (1) 
where A is the relaxation strength, T is the relaxation time and U is 
the atomic jump frequency. It should be noted that w-2nf, where f is 
the oscillation frequency of the specimen. From Eq. (1), it can be 
seen that if wT=1 then Q'^'-A/2, which represents a damping peak 
centered at wT=1 with height Q^àx» Since Snoek relaxation is 
determined by thermally activated jumps, an Arrhenius type equation: 
T = TGEXP (AH/RT) (2) 
should describe the relaxation time. Here, xg is the pre^exponentlal 
factor, and AH is the activation enthalpy which can be determined by 
carrying out experiments at different frequencies since t- 1/w = 1/2irf. 
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The half^wldth peak broadening, W, oan be derived from Eq. (1), 
whloh gives (see Appendix A): 
W -  45.7 X (l/TI^l/T,)  X AHR (3) 
where T, and T, are the absolute temperatures at half the maximum peak 
height, and AHp Is the activation enthalpy for relaxation In kJ/mol. 
For a single relaxation process, W-1. 
B. Diffusion In the Presence of Traps 
The activated migration of an Interstitial atom from one 
equilibrium position to another occurs whenever the interstitial atom 
has enough energy to overcome the barrier between the two potential 
minima. Kirchheim [22] has derived two different expressions relating 
the diffusivity of interstitial atoms in the presence of traps (D) to 
that in the perfect crystal (0°). These are based on the two types of 
potential barriers illustrated in Figs. 1 and 2. As is seen in Fig. 1, 
the energy at the saddle point is not affected by the presence of the 
trap and, hence, the following relations are valid. The jump energy 
from the traps to the free site (G^f) equals the jump energy from one 
trap to another (0%%), i.e., which is equal to 0^0%, where Q is 
the potential energy for the perfect crystal, and 0t(<0) is the 
trapping energy. Furthermore, the jump energy from the free to trap 
site is assumed to be equal to the jump energy from one free site to 
another, i.e., Gft-Gff, which is equal to Q. Kirchheim obtained the 
following equation: 
t= trap 
f=free 
Q-Gf 
LATTICE POSITION 
Fig. 1. A regular potential barrier in the presence of trap 
t = trap 
f=free 
f f f t f f t t 
TTaq 
o 
UJ 
z 
111 
C C  B A B B  A A  
LATTICE POSITION 
Fig. 2. A "more realistic" potential barrier in the presence of trap. 
AQ can be positive or negative 
i 
! 
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D - ^ (4) 
1 ^ C° + C°exp('^Gj./RT) 
This equation is valid if C«Cg«1, where C is the ratio of 
interstitial atoms to the number of interstitial sites of one kind and 
Cg=ZXt/3. eg is the concentration of traps with respect to the 
interstitial lattice, Z is the number of nearest neighbor interstitial 
sites surrounding the foreign atom, g is the ratio of interstitial 
sites to lattice atom sites and is a molar fraction of foreign atoms. 
It should be noted that Kirchheim's Eq. (4) is very similar to 
equations derived by Oriani [23], Koiwa [21], and McLellan [25]. 
A more realistic model of the potential barriers is illustrated in 
Fig. 2, in which the energy at the saddle point is assumed to be 
( 
affected by traps or antitraps. Thus, GffQ-^AQ, Gtf-Gtt=Q^Gt^AQ, and 
Gff-Q, where AQ is the change in the saddle point energy. Again, for 
C«Cg«1 : 
D . DO '  2C° • 2C°exp(aQ/RT) 
1 ^ C° + C°exp(^G^/RT) 
C. Determination of Activation Parameters for Dislocation Movement 
It is now generally accepted that plastic deformation of metals is 
controlled by a thermal activation process, whereby the different types 
of barriers to dislocation motion are overcome. For a single 
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aotivation prooeaa, the strain rate, e is described by an Arrhenius*-
type equation [26]: 
G - êo(T,T)exp('^AG(T,T)/kT) (6) 
In this equation, Bq the pre-^exponential factor which may be a 
function of the applied shear stress and temperature, as is the Gibbs 
free energy of aotivation, AG. Two aotivation parameters, namely 
aotivation volume (V*) and activation enthalpy (AH*) are widely used to 
identify the rate controlling deformation process. From Eq. (6), one 
can define (see Appendix B): 
Vapp - kT(Alnl/AT) - 2kT(Alne/Ao) (7) 
AHapp - '•kT®(Alnê/Aa)(Aa/AT) (8) 
where Ao/2Alne is the strain rate sensitivity (SRS), •Z'a/2, Vapp and 
AHapp are the experimental activation volume and activation enthalpy, 
respectively. The true activation volume (V*) and the true activation 
enthalpy (AH*) are related to Vapp and AHapp by the following equations 
(see Appendix B): 
Vapp - V* + kT Olnêo/3T)T (9) 
and 
AHapp - AH* + kT'' (Blneo/ST)? (10) 
It is seen from Eqs. (9) and (10) that the true values of V* and 
AH* cannot be obtained exactly without the knowledge of the stress and 
temperature dependence of the pre^exponential factor, Êq. However, the 
stress and temperature dependence of the pre^exponential is almost 
always negligible compared to V* and AH*, respectively [27]. Thus, we 
obtain; 
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V*=Vapp " 2kT(Alnê/Aa) 
AH*=AHapp - ^ tT:(Alnê/AG)(AG/AT) (12)  
(11) 
D. Solid Solution Hardening 
Solid solution hardening is defined as the increase in the flow 
stress of a metal produced by the presence of a random distribution of 
point defects. These defects may be substitutional or interstitial 
solute atoms; vacancies or self'^interstitials. 
For very dilute alloys, Fleischer [28] derived the expression for 
the critical shear stress: 
where F^ax Is the maximum obstacle strength, b is Burgers vector, C is 
the solute concentration and T is the dislocation line tension. In his 
derivation, two assumptions were made. First, a dislocation will come 
into contact only with obstacles with maximum obstacle strength and 
secondly, a mean separation, 1, between solute obstacles in contact 
with a dislocation under a stress T is defined as the Friedel distance 
[29] l=(6T/TbC)'/'. This Fleischer model, which is applicable to 
moderately strong point obstacles, leads to a flow stress proportional 
to C'/:. 
If the solid solution is no longer dilute, the dislocations 
interact with obstacles having a spectrum of interaction strengths not 
just those with F-F^ax» as assumed by Fleischer. In this case, Labusch 
[30] takes into account the distribution of obstacles and defines a 
distribution function p(F)dF as the number of solute atoms 
Tyb - Fmax'/*C'/:/(6T)'/: (13) 
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interaoting with a unit length of dislocation with a range of 
interaction forces between F and F+dF. Here, the equation derived by 
Labusch for Ty is: 
Tyb-Fmax'/'Cz/'Z'/'a/T'/: (14) 
where o is a constant of the order of unity and Z is the range of 
dislocation^obstacle interaction. 
The Labusch model predicts a flow stress that is proportional to 
C*/' and that should hold for the region of "moderate" concentrations. 
Based on a model of a dislocation locks created by the formation 
of a Snoek atmosphere of impurity atoms, Schoeck and Seeger [31] 
derived the relationship: 
T - 10.25 (A/b)C (15) 
where A is interaction constant. This expression Indicates that dt/dC 
is independent of temperature and that T is proportional to 
concentration. 
For concentrated solid solutions, the strain fields of the solute 
atoms overlap and the interaction with dislocations is primarily a core 
interaction. The energy per unit length required to advance the 
dislocation a distance 6x involves the number of chemical bonds cut by 
the core. Thus, Hirth and Lothe [32] obtained the following equation: 
Ocrit " WQj^Cd/b (16) 
where Woh is the net energy associated with solute^solvent bonds cut 
and formed in the core region, d is the interplanar spacing normal to 
the slip plane, and C is the concentration of solute. Eq. (16) 
predicts that the critical stress is linearly dependent on 
14 
oonoentratlon for low temperature flow In a concentrated solid 
solution. 
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III. EXPERIMENTAL 
A. Speolmen Preparation 
The alloys used in this investigation were prepared by arc melting 
high purity niobium and vanadium together in an inert atmosphere. The 
aro^melted bars were then swaged, with intermittent annealing, either 
to 1.0 mm diameter wires or 2.5% mm diameter rods. The wires were out 
into 75 mm long sections and oxygen of different concentration was 
introduced into the specimens by gas^phase charging at 1425 K for 30 
min to 1 hour. This was followed by a homogenization anneal in vacuum 
at 1575 K for up to five hours. The chemical compositions of the 
alloys used in the internal friction studies are shown in Table I. The 
oxygen contents of each alloy are based on a combination of vacuum 
fusion analysis and hardness measurements. Hardness vs oxygen 
concentration plots for the Nb^O.42 at% V and the Nb^S.O at% V alloys 
are shown in Fig. 3a. 
Tensile specimens were prepared from the 2.54 mm diameter rods. 
These were out into 38.1 mm lengths and oxygen of different 
concentrations was added to the specimens by gas^phase charging as 
mentioned above. This was followed by a homogenization anneal in 
vacuum at 1525 K for 1 hour. The oxygen^doped specimens were then 
machined into tensile specimen with a gage length of 12.7 mm and a gage 
diameter of 2.03 mm. To remove any work hardening that may have been 
introduced during the lathe machining, the specimens were annealed at 
1375 K for 30 min. Some of the oxygen^doped specimens were also 
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Fig. 3a. Hardness versus oxygen concentrations for Nb-0.42 at$ V and 
Nb-5.0 at* V alloys 
I8a 
charged with hydrogen by gas-phase charging at 1075 K for 1 hour 
followed by step cooling to 975 K for 1 hour, 875 K for 1 hour, 775 K 
for 24 hours and then furnace cooling to room temperature. The 
chemical composition of the alloys shown in Table II are based on 
vacuum fusion and carbon combustion analyses. 
B. Experimental Procedure 
1. Internal friction measurements 
The internal friction measurements were carried out in an inverted 
torsion pendulum apparatus operating at frequencies of oscillation 
between 0.20 and 7.20 Hz. A diagram of the internal friction apparatus 
is shown in Fig. 3b. The quantity, Q~', obtained from the decay of the 
amplitude of the pendulum in free oscillation was determined between 77 
and 773 K. The maximum shear strain was 3x10'^®. Internal friction 
measurements were also carried out in a flexural vibration apparatus 
operating at a frequency of about 200 Hz. 
2. Tensile tests 
Tests were carried out in uniaxial tension on an Instron universal 
testing machine at a base strain^rate of -1.7x10"'* s~*. During the 
test, the tensile specimen was maintained at a constant temperature by 
use of liquid nitrogen at 77 K, isopentane cooled by liquid nitrogen at 
123 K, 173 K and 218, boiling water at 373 K and heated silicon oil at 
483 K. 
The strain rate sensitivity was determined by a strain-rate cycle 
method in which the strain rate was increased instantaneously by an 
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Table II. Interstitial contents of alloys used in tensile study 
Alloy 0 (at%) H (at*) N (at?) C (at%) 
Nb-10 V 0.001 0.05 0.03 0.04 
Nb-10 V 0.03 0.05 0.03 0.04 
Nb-10 V 0.13 0.05 0.03 0.04 
Nb-10 V 0.15 0.05 0.03 0.04 
Nb-10 V 0.25 0.05 0.03 0.04 
Nb-10 V 0.30 0.05 0.04 0.04 
Nb-10 V 0.03 0.6 0.02 0.04 
Nb-10 V 0.03 0.8 0.03 0.04 
Nb-10 V 0.13 0.36 0.06 0.04 
Nb-10 V 0.13 0.55 0.06 0.04 
Nb-10 V 0.13 0.67 0.06 0.04 
Nb-10 V 0.28 0.75 0.03 0.04 
20 
order of magnitude and returned to the base strain rate. In the 
present study, the thermal activation parameters, I.e., straln^rate 
sensitivity, activation volume, and activation enthalpy were determined 
at a constant engineering strain of 5% In order to eliminate the 
possibility of variations in these parameters with strain. 
21 
IV. EXPERIMENTAL RESULTS 
A. Internal Friction Measurements 
1. Effect of oxygen on Nb-0.24 at% V and Nb-0.42 at% V alloys 
The I.F. curves for Nb-0.24 at% V and Nb-0.42 at% V with different 
oxygen contents are shown in Figs. 4 through 6. It is seen from Fig. 4 
that the regular Nb-0 Snoek peak that Weller [7] reports at 422 K (at f 
- 1.0 Hz) is absent in the Nb-0.24 at% V alloy containing 0.10 at% 
oxygen and a V-0 interaction peak appears at about 500 K at 0.25 Hz. 
This peak is referred to herein as P2. This is undoubtedly the same 
s-i peak that Szkopiak and Smith [13] identified in a Nb-1 at% V alloy 
at 537 K at 1 Hz. For the 0.22% and 0.26% oxygen alloys, the P2 peak 
has reached a maximum and a second peak referred to as PI appears at 
about 400 K (f - 0.29 Hz). For the 0.1 at% oxygen alloy, the peak 
height of P2 is 50 x 10"", which is approximately half of that of 
Nb-0.24 at% V containing 0.22 and 0.26 at% oxygen (110 and 115 x 10"", 
respectively). Thus, it appears that the magnitude of P2 reaches a 
maximum value at or below an oxygen concentration of 0.22 at%. In 
contrast to this, the height of PI increases from background in the 
0.10 atSf 0 alloy to about 70 x 10"" for the 0.26 at% oxygen alloy. 
The activation enthalpies, AHR, for oxygen relaxation for the PI 
and P2 peaks obtained by a frequency variation method are shown in 
Table III for the Nb-0.24 at% V alloy. The average AHRI value for PI 
is 116 ±6 kJ/mol and TQI is 2.1 x 10"" a. This Is in agreement with 
the reported values of 111.4 ± 0.9 kJ/mol and 2.65 x 10"*' s for the 
P2 
^-aiaf.%0 
•-0.22at.%0 
x-0.26 at % 0 
100 
50 
400 500 600 
TEMPERATURE (K) 
Fig. 1. Q"' versus temperature curves for Nb-0.24 at% V containing 
different concentrations of oxygen. Frequency = -0.25 Hz 
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Fig. 5. Q"' versus temperature curves for Nb-0.42 at!8 V containing 0.07 
to 0.65 at% oxygen. Frequency - 0.35 Hz 
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Fig. 6. Q~* versus temperature curves for Nb-0.42 at% V containing 0.65 
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Table III. Internal friction results for Nb-0.24 at% V and Nb-0.42 at% 
V containing different oxygen concentrations 
atit 0 f(Hz) Tpi(K) Tp2(K) AHRI AHR2 W, TQI TO2 
(kJ/raol) (kJ/mol) (10'»s) 
Nb-0.24 at% V Alloy 
0.10 0.29 
0.59 
1.43 
—— 
503 
514 
528 
141 1.02 1.2 
0.22 0.29 
0.58 
1.39 
404 
413 
423 
503 
512 
528 
117 137 1.09 1.08 2.7 4.5 
0.26 0.22 
0.55 
1.33 
401 
412 
423 
498 
512 
527 
115 135 1.2 1.03 1.4 2.2 
Nb-0.42 at? V Alloy 
0.18 0.34 
0.69 
1.64 
503 
514 
529 
134 —• 1.02 5.9 
0.32 0.32 
0.63 
1.53 
502 
513 
528 
133 1.1 — 7.9 
0.65 0.35 
0.70 
1.69 
405 
414 
425 
506 
516 
531 
113 140 1.18 1.14 1.3 1.7 
0.75 0.36 
0.71 
1.69 
407 505 
515 
531 
132 — 1.04 — 9.8 
0.90 0.31 
0.62 
1.52 
405 
413 
426 
503 
514 
529 
108 135 1.19 1.10 5.9 4.6 
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oxygen Snoek peak In niobium [7]. The average value of AHR2 from Table 
III for the V-0 interaction peak, P2, is 138 ± 6 kJ/mol and Tq2 2.6 
X 10- '»  3 .  
The I.F. results for the Nb-0.42 at% V alloy with oxygen contents 
ranging from 0,07 to 0.90 at% are similar to those for the Nb-0.24 a.t% 
V alloys as is seen from Figs. 5 and 6. It will be noted from Fig. 5 
that a single peak is obtained at the P2 temperature for the alloys 
containing up to 0.32 at% 0. At higher oxygen concentrations, this 
peak reaches a maximum of Q-'»220 x lO"" and the Nb-0 Snoek peak (PI) 
is evident in the 0.65 at% oxygen alloy. It will be seen in Fig. 6 
that PI increases in magnitude as the oxygen content is increased to 
0.75 and 0.90 at%. As shown in Table III, the average AHRI and TQI 
values for this alloy for the PI peak are 111 ±6 kJ/mol and 3.6 x 
lO"'» s, again in agreement within experimental error with those 
reported for oxygen in niobium. The average values of AHr2 and TQ2 are 
135 ± 6 kJ/mol and 6.3 x 10""" s, respectively, which are in good 
agreement with those found for the oxygen P2 peak in Nb-0.24 atiJ V. 
For both the Nb-0.24 at$ V and the Nb-0.42 at% V alloys, the 
average half-width broadening, Wj, for the PI peak Is 1.17 indicating 
that this peak is not associated with a single relaxation process. 
However, the average for P2 is 1.07, which Indicates that this peak 
approaches the ideal Debye peak. 
2. Effect of oxygen on Nb-1.5 atjt V and Nb-2.5 atjt V alloys 
Internal friction results for the Nb-1.5 at$ V - 0.75 at$ 0, the 
Nb-2.5 at$ V - 0.77 at% 0 alloys are shown in Fig. 7. It is seen that 
300 
A Nb-1.5 at.%V-0.75 at. %0 
o Nb-2.5 at.%V-0.50at.%0 
o 200 
100 
600 360 400 500 700 
T (K) 
Fig. 7. Q~' versus temperature curves for Nb-1.5 at% V and Nb-2.5 at$ V 
containing different concentrations of oxygen. Frequency = 
0.56 Hz 
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the oxygen relaxation peak occurs at about 515 K for both alloys, which 
is similar to the P2 peak temperatures for the Nb-0.2.4 at% V and 
Nb-0.42 at% V alloys. The values for AHr2 and Tq2 are also within 
experimental error of those for the Nb-0.24 at% V and Nb-0.12 at% V 
alloys (see Tables III and IV). The average broadening of P2 peak, Wg, 
is 1.28 which is somewhat greater than 1.07 for this peak in the 
Nb-0.24 at% V and the Nb-0.42 at% V alloys. It is seen from Fig. 7 
that there is an indication of a small peak at -630 K in the Nb-1.5 at% 
V alloy which becomes more pronounced in the Nb-2.5 at% V alloy. The 
significance of this peak will become apparent in the higher vanadium 
alloys. 
3. Effect of oxygen on Nb-5.0 at% V and Nb-10 at% V alloys 
The I.F. results for the Nb-5.0 at% V alloy are shown in Fig. 8. 
There is no indication of any peak between the temperature range 
360-740 K in the Nb-5.0 at% V-0.01 at% 0 alloys. In the Nb-5.0 at% 
V-0.21 at% 0 alloy, the regular oxygen Snoek peak (PI) and the V-0 
interaction, peak (P2) are both absent but a new peak (P3) occurs at 
-670 K. Upon increasing the oxygen concentration to 0.38 at% up to 
0.91 at%, the P2 peak, that was observed in all four of the lower 
vanadium alloys at -510 K reappears. It will be noted that both the P2 
and P3 peak heights increase simultaneously with increasing the oxygen 
concentration. At 0.8 at% 0 the P3 peak appears to reach a maximum 
height while P2 continues to increase in magnitude. This behavior is 
quite different from that of the PI and P2 peaks in the Nb-0.24 at% V 
and Nb-0.42 at$ V alloys, in which the P2 peak height increases to a 
Table IV. I.F. Results of Nb-1.5, 2.5, 5.0 and 10 at$ V alloys 
at% 0 f(Hz) Tp2(K) TpgCK) AHR2 AHpg W, Tq^Cs) TQSCS) 
(kJ/mol) (kJ/mol) 
Nb-1.5 atjt V Alloy 
0.77 0.28 506 1.31 
0.56 516 146±8 0.5x10" 1 5 
1.35 530 
Nb-2.5 atï V Alloy 
0.50 . 0.29 506 1.26 
0.59 517 140±7 1.9x10-1 5 
1.39 531 
Nb-5% V Alloy 
0.21 0.29 657 
0.56 670 186+9 1.46 0.8x10-:: 
1.40 689 
Nb-5.0 atï V Alloy 
0.38 0.23 501 631 
0.13 512 641 134+7 182±9 1.28 1.49 7.8x10" •I 5 0.6x10-1: 
1.23 529 663 
Nb-5.0 atï V Alloy 
0.77 0.35 511 637 
0.72 522 650 140+7 177+9 1.29 1.48 1.9x10" •1 5 1.3x10-1: 
2.33 542 675 
Table IV. Continued 
at% 0 f(Hz) Tp2(K) TpgCK) AHpg AHpg W, W, To2(s) TqsCs) 
(kJ/mol) (kJ/mol) 
Nb-5.0 at$ V Alloy 
0.91 0.31 510 635 1.34 1.41 
0.52 517 645 138±7 183+9 3.5x10-1: 0.4x10-»' 
1.72 538 668 
Nb-10 atï V Alloy 
0.6 0.28 659 2.05 
0.56 672 192±9 0.3x10-1: 
1.36 690 
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Fig. 8. Q-» versus temperature for Nb-5.0 at* V alloy containing 
different oxygen concentrations. Frequency - -0.55 Hz 
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maximum height with Increasing oxygen oonoentratlon up to Co/Cv<1. 
Only when Co/Cv>1 does the PI peak appear. 
A comparison of Figs. 7 and 8 reveals that the small peak 
previously noted In the Nb-2.5 atjS V alloy ooours at approximately the 
same temperature as the P3 peak at 640 K in the Nb-5.0 at$ V alloy. 
The average activation enthalpy of relaxation of the P3 peak is 182 ± 6 
kJ/mol, which is -45 kJ/mol higher than the average value, 137 ± 6 
kJ/mol, of the P2 peak for the same Nb-5 at? V alloy. The average peak 
width broadening W, of the P3 peak is 1.47, which is considerably 
broader than either the PI or P2 peak. The average T03 is 0.2 x 10~" 
s. 
A plot of Q~' versus temperature for the Nb-10 at% V alloy is 
shown in Fig. 9. It is seen that only a peak at -660 K is observed in 
this alloy. The value for AHR3 for this peak in Table IV is 192 ± 9 
kJ/mol. The near agreement in both the peak temperature and the 
activation energy for relaxation supports the conclusion that this is 
the same P3 peak identified in the vanadium alloys even though the peak 
width broadening W, of 2.05 is considerably greater than that for the 
Nb-5.0 at$ V-0 alloy. 
4. Effect of oxygen and hydrogen on Nb and Nb-10 at% V alloys 
The internal friction results for a Nb-0.20 at% 0 alloy and for a 
Nb-0.25 a.t% 0 alloy with different hydrogen additions are shown in Fig. 
10. Comparison of the I.F. peak for the Nb-0.25 at% 0 containing 0.19, 
0.27 and 0.67 at% hydrogen with that of the Nb-0.20 at% 0 shows that 
there is no effect of hydrogen on the oxygen Snoek peak temperature. 
50 
40 
30 
20 
t o  
400 500 600 700 
T [K] 
Fig. 9. Q""* versus temperature curve for Nb-10 at< V-0.6 at> 0 alloy. 
Frequency=0.28 Hz 
'  V ,  
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The increase in the peak height of the samples doped with hydrogen from 
that of the sample without hydrogen may be attributed either to oxygen 
contamination during hydrogen charging or to a change in the relaxation 
strength of oxygen by the presence of hydrogen. The I.F. results for 
the Nb-0.25 at% 0-0.67 at% H alloy from which the hydrogen was removed 
by heating at 873 K for 1 hour give identical curves, as shown in Fig. 
11. These results indicate that hydrogen does not affect either the 
relaxation strength or the oxygen Snoek peak temperature. The AHR and 
TQ values obtained by applying three different frequencies are 109 ± 6 
kJ/mol and 4x10""" s for the Nb-0.25 at% 0-0.27 at% H alloy (see Table 
V). These AHR and TQ values are in good agreement with the reported 
values of 111.4 ± 0.9 kJ/mol and 2.65 x 10"*' s, respectively [7]. 
A plot of Q~' and 1/T for the hydrogen peak in the Nb-10 at% V 
alloy with different hydrogen contents is shown in Fig. 12. It is seen 
that increasing the hydrogen concentration has the effect of increasing 
the height of the hydrogen peak while decreasing the peak temperature. 
The same effect of hydrogen concentration is observed for alloys 
containing additions of 0.5 to 0.7 at% oxygen (see Fig. 13). As can be 
seen from Table VI, there is no measurable effect of oxygen on the 
activation energy for relaxation of hydrogen. There is, however, a 
consistent increase in the half peak-width broadening W due to the 
presence of oxygen. The values of AHR in Table VI were determined by 
assuming that Inf is a linear function of 1/T over the frequency range 
0.15 to 7.81 Hz. For the Nb-10 at? V-0.6 at? 0-0.97 at? H alloy, it 
appears that Inf is a linear function of 1/T for frequencies between 
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Table V. I.F. parameters for Nb-0.25 at% 0 - 0.27% H alloy 
f(Hz) Tp(K) AHR(kJ/mol) To(s) 
Nb^O.25 at$ 0 0.27 at% H Alloy 
0.27 403 
0.55 411 109±6 4x10-»' 
1.31 423 
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Fig. 12. Q"' versus 1/T curves for Nb-10 at% V containing different 
concentrations of hydrogen. Frequency - -0.20 Hz 
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Table VI. I.F. results for the Nb-10 at* V-H and Nb-10 at* 0-H alloys 
f(Hz) QT^MAXXLO* AHR Tp(K) TOX10®(S) W 
(kJ/mol) 
Nb-10 V-0.93 at* H Alloy 
0.15 • 37.4 85.0 1.22 
0.29 — 88.0 2.2 
0.71 — 12.5 94.0 
4;55 — 105.0 
Nb-10 V-0.60 at* 0 - 0.97 at* H Alloy 
0.23 31.6 85.0 1.31 
. 0;46 — 87.0 
1.10 — 12.2 92.0 1.8 
2.64 — 98.0 
4.60 — 102.0 
198.10 115 
Nb-10 V-0.74 at* H Alloy 
0.23 35.6 22.5 1.32 
1.12 — 97.5 3.9 
2.70 — 12.3 105.0 
5.26 — 108.0 
Nb-10 V-0.70 at* 0 - 0.80 at* H Alloy 
0.18 32 86.0 1.46 
0.35 — 12.9 89.0 1.1 
0.85 — 94.0 
Nb-10 V-0.55 at* H Alloy 
0.27 22.8 92.5 1.54 
1.34 — 101.0 1.2 
3.15 — 13.5 108.0 
6.25 — 112.0 
212.60 125.0 
Table VI. Continued 
1*1 
f(Hz) QT'maxXlO* AHR Tp(K) TQXIO'Cs) W 
(kJ/mol) 
Nb-10 V-0.50 at$ 0-0.50 atjt H Alloy 
0.37 • 18.8 95.5 1.73 
1.82 — 107.0 1.2 
4.30 — 13.8 113.0 
7.81 — 114.0 
233.10 125.0 
1)2 
0.23 and 4.6 Hz, Fig. 14. However, It will be noted that the peak 
temperature, Tp-115K, obtained from a high frequency measurement 
(f-198.1 Hz) lies far off the extrapolated line. This measurement was 
performed on a flexural vibration apparatus using a cylindrical wire 
specimen. Similar results were obtained for the Nb-10 at$ V-0.5 at% H 
alloy as is seen from Fig. 15. However, It is possible to draw a 
continuous curve through all the data points of the Nb-10 atjS V-0.5 at% 
0-0.5 at$ H alloy, as has been done in Fig. 15. The AHR value In Table 
VI, however, was obtained from a linear fit of the four lower frequency 
measurements. For the Nb-10 at$ V-0.74 at% H and the Nb-10 at% V-0.7 
at% 0-0.8 at% H alloys, Inf appears to be a linear function of 1/T over 
the frequency range studied. Fig. 16. No high frequency data were 
obtained for these alloys. 
B. Tensile Tests 
1. Effect of oxygen on Nb-10 at% V alloy 
In plastic deformation, the dislocation motion is hindered by the 
presence of obstacles. There are two type of obstacles for dislocation 
motion, i.e., long range and short range obstacles. In this case, the 
applied stress, o, is given by; 
G=0*+GE 
where a* and Gg are the stress necessary to overcome the short range 
and long range obstacles, respectively. The effective stress, a*, is 
strongly temperature dependent, but the athermal stress, GE» Is only a 
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Fig. 14. Inf versus 1/T plots for Nb-10 at% V-0.9 at% H with and 
without oxygen addition 
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Fig. 16. Inf versus 1/T plot for Nb-10 at% V-0.75 at% H with and 
without oxygen addition. 
weakly temperature dependent through the elastic modulus. In this 
study, Gg will be represented as the value of o at -480 K. 
As is seen in Fig. 17, the addition of oxygen increases both the 
thermal part, o*, and the athermal part, 0^, of the yield stress, 
although the increase in a* is more pronounced than that in og. The 
0.2% yield stress, oy of the Nb-10 at% V alloy for different oxygen 
concentrations and temperatures are listed in Table VII. In order to 
gain some insight into the strengthening mechanism associated with 
oxygen in the Nb-10 ati V alloy, the linearity of oy versus oy 
versus C®/', and oy versus C was determined from a regression analysis. 
Based on the correlation factor, the results listed in Table VIII show 
that the best fit of the data is represented by a C-dependence of the 
yield stress. This is also evident from the plots of ay versus C'/® 
(Fig. 18), versus (Fig. 19) and versus C (Fig. 20), although the 
plot gives a fairly linear relationship in the lower concentration 
range. From the ay versus C plot of Fig. 20, it can be seen that the 
slope, doy/dC, increases with decreasing temperature. The significance 
of this will be discussed later. 
Ductility based on both the reduction of area and the percent 
uniform plastic elongation is plotted as a function of temperature for 
different oxygen concentrations in Figs. 21 and 22. It is seen from 
these figures that the addition of up to 0.25 at? oxygen has only a 
small effect on the ductility over the temperature range from 373 to 
125 K; however, below 125 K there is a consistent decrease in the 
A-O.OOl at %0 
O-0.03 at.%0 
v-0.12 01% 0 
•-0.I5 at.%0 
D 0.25at.%0 
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T f K l  
Fig. 17. 0.2% yield stress versus temperature plots of Nb-10.0 at% V 
alloy with different oxygen concentrations 
US 
Table VII. The 0.2$ yield stress [MPa] of the Nb-10 at$ V-0 alloy 
kt% Oxygen 
Temp [K] 0.001 0.03 0.12 0.15 0.25 0.30 
483 295.6 316.0 295.6 322.7 352.9 364.1 
373 330.3 376.0 352.8 354.2 380.0 425.0 
300 390.0 401.0 403.0 428.4 499.0 519.0 
218 457.5 461.0 536.0 550.8 583.0 703.0 
173 555.1 562.0 579.8 630.0 673.0 716.0 
123 640.8 644.0 713.0 763.2 773.0 879.0 
77 777.6 795.0 885.6 900.0 1002.0 1073.0 
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Table VIII. The linear regression of oy vs ak% 0, (at%0)and 
{at% 0)'/' 
Temp 
CK] 
C-at/S 0 C-(at%0) 1/2 C-iat% 0) 2/3 
AS Bb rc A® Bb ro AS Bb rO 
483 294.1 214.6 0.8800 285. ,5 117.8 0.8073 289. .5 142.3 0.8387 
373 339.3 214.7 0.7796 329. 7 120.9 0.7317 334. 3 143.9 0.7484 
300 376.9 445.3 0.9514 359. 7 242.9 0.8652 367. 4 294.9 0.9033 
218 444.5 733.6 0.9540 411. 2 415.1 0.8999 426. 1 497.3 0.9268 
173 542.9 538.8 0.9736 519. 6 301.3 0.9076 530. 0 362.7 0.9394 
123 631.5 733.3 0.9600 596. 2 420.9 0.9187 611. 4 501.8 0.9416 
77 767.6 972.6 0.9959 721. 2 556.8 0.9507 742. 0 664.2 0.9749 
®The intercept at zero oonoentration. 
T^he slope of the best fit line. 
C^orrelation factor. 
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ductility for all oxygen concentrations and becomes particularly 
significant with the addition of 0.3 at% oxygen. 
From a plot of Aa/Alnè versus temperature (Fig. 23)» it is 
apparent that the addition of oxygen to the Nb-10 at$ V alloy has the 
effect of increasing the SRS value over the entire temperature range 
studied. Here, the expected maximum in the Aa/Alne is not evident and 
must, therefore, occur somewhere below 77 K. From the Ao/Alnê data in 
Table IX, the value of V*/b' was calculated from Eq. [11] and listed in 
Table X along with corresponding value of a*. A plot of V*/b' versus 
a* shown in Fig. 24 indicates that there is no effect of oxygen 
concentration on the activation volume. Using the Ao/Alnl values of 
Table X and the slope of the flow stress at 5% engineering strain (see 
Table XI), the activation enthalpies were calculated from Eq. [12]. 
The values of AH* for different temperatures and oxygen concentration 
are tabulated in Table XII. A plot of AH* as a function of a* is given 
in Fig. 25, although there is considerable scatter in the data there is 
no readily discernible trend with increasing oxygen contents. 
2. Effect of oxygen and hydrogen on Nb-10 at% V alloy 
The effect of hydrogen on the temperature dependence of the 0.2% 
yield stress of the Nb-10 at$ V alloy is seen from Fig. 26. Hydrogen 
additions of up to 0.8 at$ do not measurably affect the yield stress of 
the base Nb-10 at? V-0.03 at% 0 alloy between 300 and 475 K. From 300 
K down to 77 K, however, the yield stress of hydrogenated samples are 
consistently higher than those of the base alloy, although the alloys 
with 0.6 and 0.8 at$ hydrogen additions show almost identical yield 
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different oxygen concentrations 
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Table IX. The Aa/Alnê of Nb-10 at% V-0 alloy In [MPa] 
Concentration (at%) 
Temp [K] 0.001 0.03 0.12 0.15 0.25 0.30 
483 3.2 3.3 3.3 4.2 4.4 4.6 
373 7.7 7.7 7.9 7.9 8.9 10.0 
300 8.9 8.7 8.9 9.9 12.2 12.5 
218 10.3 10.3 11.8 12.7 12.4 14.8 
173 10.5 10.3 12.6 12.9 13.1 13.5 
123 12.5 11.3 13.8 14.2 13.5 16.9 
77 12.9 12.8 14.5 15.1 13.8 — —  
Table X. Values of V*/b' and o* for the Nb-10 at% V-Oxygen alloy 
0.01 at$ 0.03 at$ 0.12 at{ 0.15 at$ 0.25 at* 0.30 at> 
Temp V*/b» 0* V*/b» 0* V*/b' 0* V*/b' 0* V*/b' a* V*/b' a* 
[K] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] 
483 181.5 0 176.0 0 178.5 0 141.2 0 134.1 0 130.8 0 
373 58.9 32.5 58.9 45.0 57.4 32.5 57.4 37.5 50.5 35 44.7 60.0 
300 40.3 25.0 42.0 90.0 39.3 82.5 36.7 85.0 29.7 112.5 28.9 187.5 
281 25.3 167.5 25.8 175.0 22.4 192.5 21.9 202.5 21.3 225.0 17.8 312.5 
173 19.9 237.5 20.5 250.0 16.7 270.0 16.3 290.0 15.9 315.0 15.6 410.0 
123 11.9 350.0 13.2 365.0 10.8 390.0 10.5 410.0 11.0 450.0 8.9 550.0 
77 7.3 502.5 7.3 525.0 6.5 570.0 6.2 585.0 7.1 665.0 — 
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Fig. 21. Normalized activation volume versus effective stress plot for 
Nb-10.0 at% V alloy with different oxygen concentrations 
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Table XI. da/dT of Nb-10 at% V-0 alloy at 5% engineering strain in 
[MPa/T] 
Gonoentratlon (at$) 
Temp [K] 0.001 0.03 0.12 0.15 0.25 0.30 
483 0.25 0.25 0.25 0.32 0.28 0.28 
373 0.54 0.49 0.46 0.43 0.52 0.80 
300 0.89 0.85 0.85 0.93 1.29 1.61 
218 1.40 1.40 1.80 1.87 1.68 2.00 
173 2.00 2.00 2.10 2.40 2.30 2.40 
123 2.40 2.40 2.70 2.97 3.30 3.80 
77 4.30 4.30 5.20 5.20 7.50 — — 
Table XII. Values of AH* and a* for the Nb-10 atï V-oxygen alloy 
0.01 at; 0.03 at* 0.12 at$ 0.15 at) 0.25 at$ 0.30 at? 
Temp AH* a* AH* a* AH* o* AH* o* AH* a* AH* o* 
[K] [kJ/mol] [MPa] [kJ/mol] [MPa] [kJ/mol] [MPa] [kJ/mol] [MPa] [kJ/mol] [MPa] [kJ/mol] [MPa] 
483 1^ 49.7 0 145.8 0 147.3 0 149.2 0 123.9 0 120.8 0 
373 81.1 32.5 73.7 45.0 66.8 32.5 62.8 37.5 66.6 35.0 91.7 60.0 
300 74.3 85.0 76.0 90.0 68.5 82.5 70.5 85.0 79.2 112.5 96.2 187.5 
218 54.3 167.5 54.1 175.0 59.9 192.5 60.8 202.5 53.1 225.0 53.1 312.5 
173 47.3 237.5 48.3 250.0 41.5 270.0 46.3 290.0 43.5 315.0 44.4 410.0 
123 24.1 350.0 27.0 365.0 24.1 390.0 26.1 410.0 30.9 450.0 28.0 550.0 
77 16.4 502.5 20.3 525.0 17.3 570.0 16.4 585.0 28.0 665.0 — 
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Fig. 26. The 0.2$ yield stress versus temperature plots for Nb-10 at% 
V-0.03 at$ 0 alloy containing different concentrations of 
hydrogen 
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stresses over the temperature range 77-483 K. It thus appears that the 
strengthening effect of hydrogen reaches a maximum at about 0.6. at%. 
It la also to be noted that the increment of strengthening (Aoy) 
resulting from the addition of hydrogen reaches a maximum value of -100 
MPa at 125 K, followed by a decrease in the slope, doy/dT, over the 
temperature range 125-77 K. This indicates that alloy softening occurs 
in this temperature range due to the presence of hydrogen. 
Ductility based on the percent uniform plastic elongation is 
plotted as a function of temperature over the temperature range 77-483 
K, as shown in Fig. 27. For the alloy with and without the hydrogen 
addition, the uniform plastic elongation all lie in a band between 16 
and 20$ over the temperature range studied. This indicates that there 
is little or no effect of hydrogen on the ductility of the Nb-10 at% V 
alloy. 
Ductility, expressed as percent reduction of area ($RA), is also 
plotted as a function of temperature for the same alloy in Fig. 28. 
For both the Nb-10 at% V-0.6 at% H and 0.8 at? H alloys, the ductility 
decreases with decreasing temperature with a ductility minimum at -150 
K. A return of ductility is observed between 150 and 77 K. 
As is seen from Fig. 29, the addition of hydrogen has a very 
significant effect on Aa/Alne of the Nb-10 at% V alloy, especially at 
temperatures below 200 K. In the presence of 0.6 an 0.8 at% H, there 
is a sharp maximum in the Aa/Alnê at -150 K, whereas for the alloy 
without hydrogen the expected maximum in the Ao/Alnê occurs somewhere 
below 77 K. From the Aa/Alnê values listed in Table XIII, the 
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Fig. 27. % uniform plastic elongation versus temperature for Nb-10 
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Table XIII. Values of Ao/Alnê, V*/b' and a* of the Nb-10 at% V-H alloy 
Aa/Alnê [MPa] 0.6 at% H 0.8 at% H 
Temp [K] 0.6 at% H 0.8 at% H v*/b' o*CMPa] V*/b' o*[MPa] 
77 6.6 7.3 14.2 560 12.9 575 
123 9.4 9.9 15.9 465 15.1 500 
148 17.5 19.7 10.2 350 9.1 350 
173 12.8 13.8 16.4 275 15.3 275 
223 11.8 11.5 22.9 180 23.5 180 
300 7.8 8.5 46.9 95 43.0 95 
373 7.4 7.8 51.7 32.5 50.7 32.! 
378 3.9 3.4 146.9 0 172.9 0 
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normalized activation volume V*/b* was calculated by use of Eq. [11]. 
There is no observable effect of hydrogen at least up to 0.8 at% H on 
the activation volume, as is seen from the plot of V*/b' versus a* of 
Fig. 30. The corresponding values of V*/b' and o* are also listed in 
Table XIII. From the slope, do/dT, of the flow stress at 5% 
engineering strain and the Ao/Alne values, the activation enthalphy, 
AH*, can be calculated by use of Eq. [12]. The resulting AH* values 
are listed in Table XIV. From a plot of AH* versus a* (Fig. 31), it is 
seen that the addition of up to 0.8 at% hydrogen has a noticeable 
effect on AH*, especially in the effective stress range of 0 to 300 MPa. 
In the low effective stress range of 0-100 MPa, AH* for the hydrogen-
charged alloys appears to level off at -90 kJ/mol, whereas that of the 
undoped alloy rises sharply to -150 kJ/mol at zero effective stress. 
As is seen from Fig. 32, the combined effect of oxygen and 
hydrogen is to increase the yield stress of the Nb-10 at% V-0.13 at% 0 
alloy by -30 MPa in the athermal range 400-480 K. Between 125 and 400 
K, the presence of oxygen and hydrogen has the effect of Increasing the 
thermal part of the yield stress. It will be noted that the increase 
in the yield stress due to the combined presence of oxygen and hydrogen 
reaches a maximum of -100 MPa at 125 K for the Nb-10 at% V-0.13 at^  0 
containing 0.36 and 0.55 at% H, and -175 MPa for 0.67 at% H. The sharp 
decrease in the slope, day/dT, observed in the temperature range 77-125 
K is attributed to alloy softening by the hydrogen addition. This 
softening is clearly evident from a comparison of the hydrogen-free 
alloy of Fig. 32 with the curves for the three hydrogenated alloys. At 
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Table XIV. Values of do/dT, ûH*and o* of the Nb-10 at% V-H alloys 
do/dT [MPa/T] 0,6 at% H 0.8 at% H 
Temp [K] 0.6 H 0.8 at% H ûH* o* AH* o* 
[kJ/mol] [MPa] [kJ/mol] [MPa] 
77 1.25 0.81 9.4 560 5.5 575 
123 3.08 2.56 40.6 465 32.5 500 
148 3.76 3.76 38.6 350 34.6 350 
173 2.38 2.38 46.3 275 43.1 275 
223 1.56 1.56 55.0 180 56.1 180 
300 0.98 0.98 93.7 95 86.0 95 
373 0.52 0.52 80.1 32.5 78.5 32.5 
378 0.18 0.18 84.0 0 98.5 0 
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77 K there is actually a decrease of -25 MPa in oy from that of the 
base alloy for 0.36 and 0.55 at$ H alloys, whereas the addition of 0.67 
at% H gives an Increase of the same magnitude. 
The addition of up to 0.55 at% H to the Nb-10 at% V-0.13 at% 0 
alloy appears to decrease slightly the ductility as expressed in 
percent uniform plastic elongation over the temperature range 77-483 K 
(Fig. 33). For the alloy with 0.67 at% H, a ductility transition 
occurs between 125 and 225 K with a minimum at -125 K. A small 
indication of a return of ductility is observed at 77 K. The effect of 
hydrogen is more pronounced on the %RA, as is seen from Fig. 34. For 
the Nb-10 at% V-0.13 at% 0 alloy containing 0.36 and 0.55 at? H, the 
ductility has a minimum value at -170 K with a return of ductility 
between 170 and 77 K. The alloy with 0.67 at% H becomes completely 
brittle at 125 K with no indication of a return of ductility at lower 
temperatures. 
The linearity of ay versus and oy versus C was also 
determined from a regression analysis in order to gain some insight 
into the strengthening mechanism associated with the presence of oxygen 
and hydrogen. Based on the correlation factor, the results listed in 
Table XV show that the best fit of the data slightly favors a C-
dependence of the yield stress. From the plots of ay versus C'/* (Fig. 
35), versus C'/* (Fig. 36), and C (Fig. 37), however, it is difficult 
to determine which gives the best fit since all of them give a fairly 
good linear relationship over the concentration and temperature range 
studied. 
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Table XV. The linear regression of ay vs a.t% H, (at* H)*/' and 
(at%H):/' 
C-at$ C-(at%)*/' C-(at$)'/' 
Temp A® r° r® A® B^ r° 
CK] 
403 321.4 78.6 0.7650 337.9 38.3 0.7355 341.3 36.8 0.6971 
298 408.0 120.5 0.9037 393.5 110.4 0.9284 400.7 111.1 0.9228 
218 476.5 122.3 0.9876 485.4 105.8 0.9575 491.2 108.6 0.9712 
168 594.8 265.5 0.9982 567.4 235.5 0.9918 581.3 239.5 0.9974 
123 712.7 251.0 0.9481 687.3 221.5 0.9375 696.1 231.9 0.9446 
77 792.5 147.9 0.8780 723.4 204.1 0.8576 758.4 172.9 0.8644 
^The intercept at zero concentration. 
^The slope of the best fit line. 
^Correlation factor. 
900 
77 
123 K 
800 
168 K 
700 
Q. 
b 600 218 K 
298 K 500 
400 = 403 K 
30a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
[at. %H]"2 
0.9 
Fig. 35. 0.2% yield stress versus [at% H]*/* plot for Nb-10 at$ V-0.13 
at$ alloy at different temperatures 
i 
! 
77 K 900 
123 K 
800 
168 K 
700 
600 218 K 
290K 500 
400 403K"" 
0.2 0.3 0.4 0.5 0.6 
[at. % H 
0.7 0.8 
Flg. 36. 0.2% yield stress versus [at% H]*/' plot for Nb-10 at% V-0.13 
at% 0 alloy at different temperatures 
I 
\ 
2I6K 
A t  % [ H] 
Fig. 37. 0.2% yield stress versus at% H for Nb-10 at% V-0.13 at% 0 
alloy at different temperatures 
§ 
! 
81 
As was observed for the oxygen-free alloy, the addition of 
hydrogen to the Nb-10 at$ V-0.13 at$ 0 alloy causes the appearance of a 
maximum on the Ao/Alne at temperatures -175 K (see Fig. 38). The 
normalized activation volume, V*/b', is listed as a function of 
temperature and effective stress in Table XVI. There is no noticeable 
effect of hydrogen, at least up to 0.67 at%, on the activation volume, 
as is seen from the plot of V*/b' versus a* (Fig. 39). The activation 
enthalpies for the three hydrogen concentrations are listed in Table 
XVII. In contrast to the oxygen-free alloy (refer to Fig. 31), there 
is no plateau between 0 and 100 MPa, but rather the AH* values lie well 
above those for the base alloy over the entire range of effective 
stresses. Fig. 40. 
There is some indication of alloy softening between 77 and 125 K, 
as is seen from the decrease in the slope of the oy versus temperature 
curve for the Nb-10 atiS V-0.275 at% 0-0.75 at% H alloy in Fig. 41. The 
decrease in the slope doy/dT, however, is more gradual than for the 
hydrogen alloys of the oxygen-free base alloy (Fig. 26) or of the Nb-10 
at% V-0.13 at$ 0 alloy (Fig. 32). It thus appears that increasing the 
oxygen concentration from 0.13 to 0.275 at% has the effect of 
nullifying the alloy softening produced by the presence of hydrogen. 
It will be further noted that the addition of 0.75 at% H markedly 
increases the thermal part of the yield stress over that of the 
hydrogen-free alloy. 
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Table XVI. Values of Aa/Alne, V*/b* and a* for the Nb-10 at$ V-oxygen-hydrogen alloy 
Aa/Alne [MPa] 0.03 at% H 0.55 atï H 0.67 atï H 
Temp 0.36 at* H 0.55 at$ H 0.67 atï H V*/b» 0* V*/b» a* V*/b» 0* 
[K] [MPa] [MPa] [MPa] 
77 10.5 7.9 9.3 8.9 545.0 11.7 550.0 10.0 567.5 
123 11.1 11.8 — 13.5 510.0 12.7 505.0 — 392.5 
168 14.7 15.2 16.6 13.9 412.5 12.3 272.5 
218 11.3 12.5 12.9 23.4 240.0 21.2 210.0 20.4 192.6 
300 12.2 11.1 11.3 29.9 110.0 32.9 105.0 32.2 82.5 
403 6.7 5.9 6.1 73.5 35.0 81.7 35.0 80.6 35.0 
1)83 3.6 2.8 2.8 159.4 0 207.4 0 211.8 0 
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Table XVII. Values of do/dT, AH* and a* of the Nb-10 at$ V-oxygen-hydrogen alloy 
do/dT [MPa] 0.36 at$ H 0.55 at$ H 0.67 at* H 
Temp 0.36 at; H 0.55 at$ H 0.67 at$ H AH' 0* AH' 0* AH' a* 
[K] [kJ/mol] [MPa] [kJ/mol] [MPa] [kJ/mol] [MPa] 
77 0.54 0.21 0 2.9 545.0 0.9 550.0 0 567.5 
123 1.62 1.15 1.29 19.3 510.0 9.7 505.0 - 392.5 
168 3.61 3.92 3.76 57.9 412.5 57.9 335.0 48.3 272.5 
218 1.68 2.22 2.65 57.9 240.0 67.6 210.0 77.2 192.5 
300 1.02 1.20 1.35 57.9 110.0 77.3 105.0 86.9 82.5 
403 0.46 0.46 0.46 96.6 35.0 106.2 35.0 106.2 35.0 
483 0.35 0.35 0.35 183.5 0 240.4 0 241.4 0 
86 
200 
y 
o  
z 
V. 
-3 
t 
<1 
100 -
X Nb-IOV-0.13 at.%0 
o Nb-l0V-0.l3at.%0-0.36 At.%H 
A Nb-lOV-0.13 at. % 0-0.55 At.%H 
o Nb-IOV-0.13 af.% 0-0.67Af. % H 
300 400 
[MPQ] 
500 600 
Fig. 40. Activation enthalpy versus effective stress for Nb-10 at$ 
V-0.13 at% 0 alloy containing different hydrogen 
concentrations 
87 
T r 
• Nb-l0V-0.25at.%0 
A Nb-l0V-a275at.%0-0.75at.%H 
1000-
900 -
S. 800 
2 
TOO -
600-
500 100 200 300 
T [K] 
Fig. 1»1. 0.2% yield stress versus temperature for Nb-10 at% V alloy 
containing different oxygen and hydrogen concentrations 
88 
V. DISCUSSION OF RESULTS 
A. Internal Friction Measurements 
1. Effect of oxygen on Nb-V alloys 
Neutron diffraction and ion channeling studies [33-36] have shown 
that oxygen atoms occupy octahedral sites in niobium and vanadium. 
Thus, it is assumed that they behave likewise in the Nb containing up 
to 10 at% V alloys. For bcc metals, a cell can be defined that 
consists of an octahedral interstitial site having 2 nearest neighbor 
and 4 next nearest neighbor lattice atoms or having in general Z-6 
neighbor lattice atoms. Wagner [37] has derived an expression for 
calculating the fraction of cells for a random substitutional solid 
solution that contains no solute atoms as neighbor lattice atoms (n«0), 
those containing one solute atom as neighbor lattice atoms (n-1), etc. 
The fraction of cells is calculated from the following equation: 
where Np/N is the fraction of cells of a given n, Z is the number of 
neighbor lattice atoms for an octahedral interstitial site, and 0^, is 
the atomic fraction of solute. The results are listed in Table XVIII 
for vanadium concentrations up to 10 at%, for n=0 to 4, and Z=6. 
The internal friction results for the Nb-0.24 at? V and the 
Nb-0.42 at% V alloys give strong evidence for trapping of oxygen by 
vanadium as indicated by the presence of the V-0 interaction peak, P2, 
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Table XVIII. Fraction of cells N^/N containing n solute atoms 
Gu 0 1 2 3 4 
0.0024 0.9857 0.0142 8.56x10"» 2.74x10"' 4.95x10"'° 
0.0042 0.9751 0.0247 2.60x10— 1.46x10-' 4.62x10"» 
0.0150 0.9133 0.0835 3.18x10-: 6.45x10"" 7.36x10"? 
0.025 0.8591 0.1322 8.47x10"' 2.89x10— 5.57x10"® 
0.05 0.7351 0.2321 3.05x10": 2.14x10": 8.46x10"» 
0.1 0.5314 0.3543 9.84x10": 1.46x10": 1.22x10"» 
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at -500 K. As the oxygen concentration is increased the trap sites 
become saturated and the regular oxygen Snoek peak in niobium appears. 
As is seen from Table XVIII, most of the cells in the 0.24 and 0.42 at% 
V alloys should contain no solute atoms, 1.4 or 2.5% contain one solute 
atom and the fraction containing two or more solute atoms is 
Insignificantly small. Thus, the P2 peak in the Nb-0.24 at% V and 
Nb-0.42 at% V alloys is interpreted as a stress-induced reorientation 
of oxygen atoms between octahedral sites in the type n-1 cell. Typical 
of type n-1 and n-2 cells are shown in Fig. 42. 
In contrast to the trapping of oxygen by vanadium in niobium, only 
one peak is observed in the V-0.5 at% Nb alloy and occurs at the same 
temperature as the oxygen Snoek peak in vanadium [38] and with the same 
activation enthalpy for relaxation and the same relaxation strength. 
Here, the oxygen atoms can be visualized either as occupying the type 
n-0 cells only (anti-trapping) or as having only a weak interaction 
with the niobium atoms. As was noted previously, the P2 peak at 500 K 
is still present in the 1.5, 2.5 and 5.0 at? alloys. There is, 
however, an indication of a small peak occurring at -630 K in the 1.5 
and 2.5 at$ V alloys. This peak is Identified as P3. The occurrence 
of this peak at the higher temperature and with a large AHr indicates 
that there is a stronger V-0 interaction than for P2. 
For the Nb-5.0 at% V alloy, the P3 peak is much more pronounced. 
The 0.21 at% 0 alloy shows only a P3 peak since most of the oxygen 
atoms would be associated with the type n=2 cells that make up -3% of 
the total cells, as is seen in Table XVIII. Further increasing the 
A-OCTAHEDRAL SITE 
#-SOLUTE ATOM 
Q-HOST ATOM n = 2 
(b) 
Octahedral cells of type n=1 and n=2 
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oxygen concentration up to 0,91 atjS should result In the oxygen atoms 
occupying both type n-1 and type n-2 cells. This is indicated by the 
presence of both the P2 and P3 peaks in the higher oxygen alloys. 
According to this interpretation, the P2 and P3 peaks are associated 
with the stress-induced reorientation of oxygen in the type n=1 and n-2 
cells, respectively. 
As is seen from Table XVIII, there are -10% type n-2 cells and 
1.5% type n-3 cells in the Nb-10 at% V alloys. Only a very broad P3 
peak is observed for this alloy with 0.6 at% 0. This Is interpreted as 
oxygen atoms occupying both the type n-2 and type n-3 cells, as will be 
discussed in a later section. 
Plots of Q^ex"A/2 for the PI and P2 peaks as a function of 
oxygen concentration are shown in Fig. 43 for the Nb-0.24 at% V and the 
Nb-0.42 at% V alloys. The relaxation strengths per at? of the PI peak 
for both the Nb-0.24 at% V and the Nb-0.42 at% V alloys are almost 
identical to that of oxygen in niobium as is seen from the three upper 
curves of Fig. 43. The P2 peak reaches a maximum at -0.18 at% 0 in the 
Nb-0.24 at% V alloy and at 0.55 at$ 0 in the Nb-0.42 at% V alloy (see 
the two lower curves of Fig. 43). These correspond to 0;V ratios of 
0.75 and 1.3, respectively. Thus, the results of this analysis 
indicate that each vanadium solute atom traps approximately one oxygen 
atom. It is to be noted the relaxation strength per at? of the P2 peak 
for the Nb-0.42 at? V alloy is approximately half of that of PI peak, 
as is seen by comparing the slopes of the Q~' vs concentration curves 
for the two peaks in Fig. 43. This suggests that increasing the 
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Fig. 43. Plots of Q"' versus oxygen concentration for PI (upper) and P2 
(lower) peaks for Nb-0.24 at% V and Nb-0.42 at% V alloys. V-0 
and V-0.50$ Nb-0 data from [11], 
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vanadium oonoentration in niobium has the effect of decreasing the 
relaxation strength per at$ of oxygen in niobium. 
As has been noted previously on pages 21 and 26, the addition of 
vanadium has no observable effect on the activation enthalpy for 
relaxation, the preexponentlal factor or the relaxation strength for 
the oxygen Snoek peak of niobium. There is a measureable degree of 
line broadening, however, indicating that this peak is not associated 
with a single relaxation process in these alloys. 
The half-peak width broading, Wg, for the P2 peak in the Nb-0.24 
at% V and the Nb-0.42 atK V alloys is only slightly greater than unity 
and the peak temperature does not vary with oxygen concentration. This 
indicates that this peak Is due to a single relaxation process [393. 
The Wj values for the P2 peak in niobium containing 1.5, 2.5 and 5.0 
at% V, however, are in the range 1.26 to 1.34, indicating that this 
peak is no longer associated with a single relaxation process in the 
higher vanadium alloys. 
The half-peak width broadening for the P3 peak Increases from 
-1.45 for the Nb-5.0 at% V alloys to 2.05 for the Nb-10 at? V alloy. 
Thus, it appears that the oxygen relaxation process becomes more 
complex with increasing vanadium concentration due to the different 
types of V-0 interactions. 
2. Trapping energy calculations 
The trapping energy of oxygen by vanadium for the Nb-0.5 at% V and 
Nb-10 at$ V alloys was calculated by Eq. (5) based on Kirchheim's "more 
realistic model" of potential barriers. This equation contains two 
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unknowns, AQ and Gfc that are related by Gtf-Q-Gt-AQ. Since G^f is the 
jump energy from the trap to the free site, it is reasonable to assume 
that GTF-AHr, where AHr is the activation enthalpy obtained from 
internal friction measurement. This corresponds to that required for 
the oxygen atom to jump from the nearest neighbor trap site A to the 
next nearest neighbor site B, as is illustrated by Fig. 44. Here, the 
B site is assumed to be a free site. Equation (5) can be modified by 
assuming AQ - -(AHp-Q-Gt) to give 
1-2Ct+2Ctexp[-(AHR-Q-Gt)/RT] 
D/DO - (17) 
1-Ct+Ctexp(-Gt/RT) 
It is seen that Eq. (17) now contains only one unknown, G^. The 
diffusivity equations for oxygen in the Nb-0.5 at? V-0.25 at$ 0 and 
Nb-10 at% V-0.5 at%0 alloys as determined by Tseng et al. [40] are 
D-0.84 exp (-176,000/RT) and 0=0.28 exp(-194,370/RT), respectively. 
The units of D and the activation energy for diffusion are cm*/s and 
J/mol, respectively. 
In order to calculate the trapping energy of oxygen by vanadium 
for the Nb-0.5 a.t% V - 0.25 at$ 0 alloy, it was assumed that Q is equal 
to the activation enthalpy for Snoek relaxation of oxygen in niobium, 
i.e., 107 kJ/mol [2], and that Z=6, g=3 and XfO.OOS. The average 
activation enthalpy for relaxation, AHr, for the P2 peak of the Nb-0.42 
at% V alloy was determined from internal friction measurements to be 
136 kJ/mol. Using the results of Tseng et al. for D for the Nb-0.5 ab% 
V-0.25 at$ 0 alloy and Lauf and Altstetter's results [2] for the 
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diffuslvity of oxygen in niobium, i.e., DO-5.3x10~'exp(-i07,000/RT), 
the trapping energies were calculated for different temperatures by use 
of Eq. (17). The average trapping energy for this alloy is -64 kJ/mol. 
These are listed in Table XIX. 
A similar method was applied to the calculation of the trapping 
energy of oxygen by vanadium for the Nb-10 at% V alloy. Here it was 
assumed that Q=107 kJ/mol, Z-6, g-3, XFO.I, D-0.28 exp(-194,370/RT) 
and DO-5.3x10~'exp(-107,000/RT). The AHr of the P3 peak of the Nb-10 
a.t% V was taken as +192 kJ/mol. The trapping energies for different 
temperatures for this alloy are also listed in Table XIX. 
It Is to be noted that the average trapping energy that was 
obtained by use of the AHr for the P3 peak Is -49 kJ/mol. These two 
binding energies are considered to be the same within the experimental 
error and are in good agreement with the value of -53 kJ/mol reported 
by Lauf and Altstetter [2] for niobium containing up to 5.0 at$ V. If 
the trapping energy of oxygen by vanadium is associated with both peaks 
is assumed to be the same, this Implies that oxygen atoms would occupy 
either the type n«1 or n=2 cells without preference. Recalling the 
simultaneous Increase In the heights of the P2 and P3 peaks in the 
Nb-5.0 at% V alloys, this behavior may be explained by attributing 
nearly the same trapping energy for oxygen for both trap sites. 
The AQ values for the Nb-0.5 at% V and the Nb-10.0 at? V alloys 
are of the same magnitude but with a different sign (see Table XIX). 
The physical meaning of this behavior, however, is unclear. 
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Table XIX. Trapping energy for oxygen by vanadium in Nb-0.5 at% V and 
Nb-10.0 atSt V alloys 
Temp [K] (D/DO)exp* (D/DO)oalb -Gt(kJ/mol) AQ(kJ/mol) 
Nb-0.5 at% V 
1373 0.355 0.358 -66 37 
1415 0.425 0.424 -64 35 
1485 0.515 0.515 
Nb-10.0 atK V 
-61 32 
1478 4.28x10-: 4.21x10-: -52 
-33 
1548 5.91x10-: 5.95x10-: -50 -35 
1673 9.84x10-: 9.83x10-: -46 -39 
^Experimental value for D/D°. 
^Calculated value for D/D° from Eq. (17). 
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3. Elastlo versus ohemloal Interaotlons 
After discussing the nature of solute-interstitial interaction in 
the niobium rich and the V-0.5 atS6 Nb alloy, an attempt will be made to 
explain the occurrence and absence of trapping in the opposite ends of 
the systems based on the elastic and chemical interactions. 
The elastic interaction models for trapping assume that the 
interstitial atom is attracted to the trap site by the elastic strain 
field. Consider that the interstitial solute (1) occupies only the 
nearest, A, and the next nearest, B, octahedral sites adjacent to the 
substitutional solute,(s), as has been illustrated in Fig. 44. Eshelby 
[41] applied the continuum theory of elasticity to calculate the 
interaction energy, Ejnt» between a substitutional and an interstitial 
solute in both the A and B configurations. He derived the following 
equation: 
15 r 
Eint ° ~ AV; AV2 d (18) 
^ P-
where AVj and AVg are the dilatation due to the two solutes, 
Y=3(1-a)/(1+a), where a is the Poisson ratio of the matrix, r is a 
function of the direction cosines l,m,n of the line joining the solutes 
(2/5-2(A®m®+m®n®+n®J!,®)}, r is the distance between the defects and 
d®Cj C*g—2C^^. 
For the Nb-0.42 at% V alloy, AVj is equal to 4m(rv'-rNb*)/3, where 
ry and r^j^ are the atomic radii of vanadium and niobium, 0.1315 and 
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0.11324 nm, respectively. Likewise, AVa is Imfrg'-r^ ')/3, where rg 
Is the atomic radius of oxygen in niobium, 0.069 nm, and r^ is the 
available radius of the octahedral site in the Nb-0.42 at% V alloy, 
1.e., 0.02750 nm. For niobium, Y' equals 1.6789 (@-0.397) and d equals 
0.546x10'* dyne/om'. For an oxygen atom in the A and B positions, r is 
0.4 (£-1, m-0, n-0) and -0.1 (&-/2/2, m-/2/2, n-0), respectively. By 
use of Eq. (18), interaction energies Ejnt +3.8 kJ/mol for the A 
configuration and -0.33 kJ/mol for the B configuration were obtained. 
This corresponds to a weak repulsive interaction between V and 0 atoms 
in the nearest neighbor position and an almost negligible elastic 
attraction between next nearest neighbors. 
Using ro"0.076 nm for the atomic radius of oxygen in vanadium, and 
Y*-1.9477 (@"0.365), a similar calculation was applied to the V-0.5 at$ 
Nb alloy. This yielded interaction energies, Eint -2.5 kJ/mol for 
the A configuration and +0.22 kJ/mol for the B configuration. These 
calculations predict a weak attraction in the A configuration and a 
very small repulsive Interaction in the B configuration. 
Khachaturyan [42] has derived an expression whereby the elastic 
interaction between substitutional and interstitial solutes in a bcc 
host lattice such as V, Nb, Ta and oFe can be calculated. The equation 
for the pairwise elastic interaction energy has the form; 
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subt-lnt 
n—- " &i(x,y,z) + m,(x,y,z)bi (19) 
(C,i+2C::)aq^U°3U° 
where 
W^^x^yfzï Is the elastic interaction energy with the coordinate of 
separation vector (x,y,z) between the substitutional and interstitial 
atoms, 
Cn and Ci2 are elastic constant, 
Bq is the lattice constant of the solvent, 
U?g is the coefficient of concentration expansion and is 
equivalent to daj/ajdC (where a, is the translation of the bcc lattice 
along [001] direction and C is concentration of interstitial solute), 
U° is the concentration coefficient of crystal lattice expansion, 
dag/BodC, produced by substitutional atoms, 
& and m are parameters that are a function of the spatial 
position, 
t is the tetragonality factor U?,/U?3 (where U?i is the 
coefficient of concentration expansion, daj/ajdC, where a^ is the 
translation of the bcc lattice along a [100] direction). 
For the Nb-0.42 atîf V alloy, ti=-0.12, C, 1=2.46x10'= dyne/cm*, 
0,2=1.34x10': dyne/cm*, U§3=0.5 [42], ao=0.33079 nm, and UO.-O.09844 
[43]. The W^^x^y^SÏ values were calculated by use of Eq. (19) up to 
the 6th shell or the sixth nearest neighbor distance between the 
substitutional and the interstitial solute. The results of these 
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oaloulatlons are listed in Table XX. The calculated values for 
yjfSUbt-lnt indicate a repulsive interaction between vanadium and oxygen 
in the first three nearest neighbor positions (or shells) and in the 
fifth shell with an attraction in the fourth and sixth shells. These 
results do not agree even qualitatively with the trapping energy for 
oxygen by vanadium that was calculated from Kirchheim's Eq. (17). Lee 
and Altstetter [44] also made a similar calculation for oxygen in a 
series of tantalum-base alloys and found that there was poor agreement 
between the interaction energies obtained from long range diffusion 
measurements and those calculated by Katchaturyan's elastic model. 
From this they concluded "that chemical effects due to electronic 
energy changes probably dominate the diffusion process". 
de Avillez [45] calculated the elastic interaction energy for V-0 
in niobium by a Green's function method [46]. He obtained values of 
-6.2 and -5.2 kJ/mol for the first and second nearest neighbor sites 
using the approximation that | fJ -j Fa) , where | Fi| and | fJ are the 
forces produced by the presence of a defect on its nearest neighbor and 
next nearest neighbor atoms, respectively. 
Neither the Eshelby model nor the Green's function calculations 
give interaction energies that are large enough to account for the V-0 
interaction energy in niobium obtained by Lauf and Altstetter [2] from 
their diffusivity measurements or for the trapping energy obtained from 
Kirchheiras Eq. (17) for the Nb-0.42 at$ V and the Nb-10 at% V alloys of 
the present investigation. 
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Table XX. The elastic Interaction energy for Nb-0.42 at% V alloy 
Coordination Separation V • wsubt-int 
Shell 
Number 
Distance 
(x,y,z) 
mi lx+m,ti CkJ/mol] 
1 (1/2 0 0) -0.203 -0.660 -0.1238 +59 
2 (0 1/2 1/2) -0.223 -0.206 -0.1982 +94 
3 (1/2 1 0) -0.030 -0.037 -0.0256 +12 
4 (1 1/2 1/2) 0.072 0.016 0.0701 
-33 
5 (3/2 0 0) -0.026 0.001 -0.0261 +12 
6 (1/2 1 1) 0.016 0.098 0.0042 -2 
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The quasl-ohemioal model of Alex and MoLellan [47] for 
interstitial solutes In solid solution alloys was extended by de 
Avillez and Altstetter [5] to second nearest neighbors s-i interactions 
for the Nb-V-0 system. The activity coefficient for a dilute 
interstitial solution, xi+0, is expressed as: 
- expAG^KT (1+2a)"^^^(l-X^^+X^6^ (1-X^+X^_jÔ2)~^2 (20) 
where AGj is the Glbbs free energy, o-l-exp-Eii/kT (where En Is the 
interaction energy between interstitial-interstitial atoms), X^ is the 
atomic fraction of substitutional solute, 6i-exp-(Eig-EiH)/kT and 
Ô2-exp-(E2i3-E2iH) where Ejiq-Eih and E2ig and EgiH are the differences 
of first and second neighbor pairwise interaction energies. Also, Z is 
the number of interstitial sites that are nearest neighbors to a given 
interstitial site, , is the number of lattice sites that are nearest 
neighbors to an interstitial site, and Z2 is the number of lattice atom 
sites that are next nearest neighbors to an interstitial site. If it 
is assumed that oxygen atoms occupy octahedral sites in the Nb-V-0 
alloys, it follows that Z=4, Zi-2 and Z2-4. By use of the 
experimentally determined activity coefficient for dilute solid 
solution of oxygen in Nb, V and a Nb-50.5 at% V alloy, de Avillez and 
Altstetter calculated the V-0 interaction energy in Nb-V alloys from 
Eq. (20). They obtained an energy of -35.5 kJ/mol at 973 K for the 
nearest neighbor site indicative of a strong attractive Interaction. 
For the next neighbor configuration they obtained a weak repulsive 
energy of 9.3 kJ/mol. Inversely, they calculated Nb-0 interaction 
energies in the vanadium-rich alloy to be +35.5 kJ/mol for the A 
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configuration and -9.3 kJ/mol for the B configuration. These results 
are at least qualitatively consistent with the internal friction 
observations of oxygen trapping by V in Nb and the absence of trapping 
by Nb in V. 
Kronmuller and Vargas [14] derived an expression for calculating 
the binding energy between a substitutional impurity and an 
interstitial atom in which the binding energy, Eg, is the sum of an 
electronic and an elastic binding energy term. According to their 
model, the electronic binding energy is linearly related to the 
difference between the work functions of the host and solute atoms, 
A$*, and the elastic energy term is a quadratic function of the volume 
dilatation, AV^, for interstitial solutes, and AV^e, for substitutional 
solutes. 
Measurement of the binding energies of various metal-hydrogen 
complexes in nickel showed that the binding energy for diatomic MeH 
complexes in nickel consists of an electronic as well as an elastic 
contribution and that these are of the same order of magnitude. 
Application of this model to oxygen in Nb-V alloys predicts that the 
contribution of electronic binding energy to the total binding energy 
is very small, in as much as A$*=0 since [^8]. Furthermore, 
the elastic interaction of oxygen and substitutional atoms favors 
trapping regardless of whether the substitutional solute atome expands 
or contracts the lattice. It thus appears that this model does not 
explain the trapping behavior observed in this system. 
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4. Appearance of additional peak 
Nowiok and Berry [21] have proposed that a s-i interaction in a 
bcc metal may give rise to two relaxation peaks due to differences in 
the jump rate from the tetragonal site (A) to the <110> orthorhombic 
site (B) and vice versa (see Fig. 4%). Assuming that the pairs are 
more strongly bound in the A configuration, w. Is much greater than Wg 
where w, is the jump rate from B to A and Wj is the jump rate from A to 
B. A peak associated with the Wj jump rate should, therefore, occur 
below the regular Snoek peak, whereas that associated with Wj should 
occur above the Snoek peak. However, if »3»W2 only a very small 
fraction of the total defect concentration is to be found in the next 
nearest neighbor (B) positions and, therefore, the lower temperature 
peak would be expected to be quite small, perhaps negligible In 
magnitude. 
Szkopiak and Smith [13] did observe a very small peak at 360 K in 
a Nb-1 at% V alloy containing additions of oxygen and nitrogen, 
although no explanation was given for it. A careful inspection of the 
I.F. profiles of the Nb-0.24 at? V and Nb-0.42 at% V alloys, in the 
temperature region below the unperturbed Snoek peak, however, revealed 
no evidence for such a peak. 
5. Effect of oxygen and hydrogen on Nb and Nb-10.0 at% V alloys 
For a single relaxation process, Weller et al. derived the 
following equation [49]: 
107 
qZ^T Q"^T 
T . 1 ± ] (21) 
^ q"^T Q~^T 
where Q^* and Tj, are the internal friction and temperature at the 
Snoek peak maximum, respectively. From the Internal friction vs 
temperature data and the frequency at Q{jJ', values for T were 
calculated by use of Eq. (21). The activation parameters TQ and AHR 
were then determined according to the Arrhenius relation, Eq. (2) from 
a plot of In T vs 1/T. 
The results of these calculations for seven different Q~' vs 1/T 
plots of niobium-oxygen and niobium-oxygen-hydrogen alloys gave TQ 
values in the range of 3 to 15x10"'* s and an average value for AHR of 
108±2.9 kJ/mol [50]. These values are in good agreement with those 
obtained by the frequency variation method which gives values of 
•to-4x10~" 3 and AHR-109±6 kJ/mol. These results indicate that the 
presence of hydrogen does not have a measureable effect on the Snoek 
relaxation of oxygen in niobium. 
For the Nb-10 at% V alloy with different hydrogen contents, a 
relaxation peak occurs at -85 K (for f»1Hz) in niobium only in the 
presence of both vanadium and hydrogen. Owen et al. [10] have shown 
that in the absence of hydrogen there are no relaxation peaks in a 
Nb-15 at$ V alloy in the temperature range 77-290 K. A similar 
behavior is also assumed for the Nb-10 at$ V alloy. Hanada et al. [51] 
have identified a relaxation peak associated with an 0-H complex in 
niobium at -50 K (f=0.445 Hz), but results of the high frequency 
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measurements in the present study show that this peak is absent in the 
Nb-10 at$ V alloys. The absence of the 0-H peak is interpreted as due 
to trapping of oxygen by vanadium atoms. Schiller and Schneider [8] 
have reported that the relaxation peak height for the 0-H complex in 
niobium reaches a maximum at CH/CQO and decreases for higher hydrogen 
contents. In as much as the 85 K peak height increases with increasing 
hydrogen content in the Nb-10 at% V alloy with or without the presence 
of oxygen, the 0-H interaction peak observed in unalloyed niobium, must 
not occur in the Nb-10 at% V alloy. For the same reason, Cannelli et 
al. [52] have stated that a Ti-O-H complex can not be responsible for 
the relaxation peak at -140 K in the Nb-5.0 at$ Ti-hydrogen alloy. If 
it is assumed that the addition of oxygen to the Nb-10 at% V alloy will 
affect the relaxation process for hydrogen by forming V-O-H complexes, 
a change in the activation parameters, TQ and AHR should occur due to 
the oxygen addition; however, the I.F. results show only a very small 
effect of oxygen on XQ and AHR for the V-H interaction peak in the 
Nb-10 at% V alloy. This is further evidence that there is no 
interaction between the hydrogen atoms and the V-0 complexes or if 
there is any interaction it is so weak that it cannot be detected by 
the I.F. measurement used in this investigation. A noticeable change 
is observed, however, in the half-peak width broadening, W, of the V-H 
peak which shows a consistent increase upon the addition of oxygen for 
three different hydrogen concentrations. 
Cannelli et al. [52] observed an anomaly in the hydrogen 
relaxation spectrum of a Nb-5.0 at% Ti alloy in which a decrease of 
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both the relaxation peak temperature and the activation enthalpy for 
relaxation was observed with increasing hydrogen concentration. They 
explained this anomaly as being due to the presence of a distribution 
of site energies for hydrogen atoms in an alloy with a more 
concentrated substitutional solute. Different relaxation processes 
will occur simultaneously where each elementary relaxation has its own 
activation energy, AE. Upon increasing the hydrogen concentration, 
hydrogen atoms progressively fill the sites of higher energy and, 
hence, the elementary relaxations have lower activation energies, AE. 
Thus, the relaxation peak temperature shifts toward lower temperatures 
followed by a decrease in the apparent activation enthalpy. A similar 
behavior is observed for both the Nb-10 at% V-H and the Nb-10 at) V-O-H 
alloys. 
For the relaxation process for an 0-H complex in niobium, a 
significant deviation in the jump frequency from an Arrhenlus 
temperature dependence has been observed below about 70 K by Birnbaum 
[53]. He applied a quantum tunneling model to calculate the jump 
frequencies of the relaxation of hydrogen in the vicinity of an oxygen 
atom and found the calculated values to be in excellent agreement with 
those of experiments. Our results suggest that the relaxation process 
for hydrogen in niobium at temperatures below -70 K exhibits quantum 
effects. A similar deviation observed In the jump frequencies of 
hydrogen in the Nb- 10 at% V alloys (Figs. 14 and 15) may also be 
explained by this quantum tunneling effect. 
110 
Another possible explanation for this deviation is based on the 
inelastic neutron scattering results of Pick, Shapiro and Stoneham [54] 
on a Nb-7.0 at% V-7.0 at% H alloy. They reported that at 10 K, about 
half of the hydrogen atoms are strongly trapped at octahedral sites, 
associated in some way with two vanadium atoms, whereas the other half 
are in less strongly held tetrahedral trap sites. At 150 K, the 
evidence shows that most of the hydrogen atoms oocupy tetrahedral sites. 
These results suggest that between 10 and 150 K the occupancy of 
hydrogen in the octahedral and tetrahedral sites depends significantly 
on temperature. Thus, the deviations in the jump frequency of the 
Nb-10 at? V alloy from an Arrhenius temperatue dependence may be 
attributed to a change in the population of hydrogen between the 
octahedral and tetrahedral sites in the temperature range in which this 
deviation is observed. Since hydrogen in a tetrahedral site is less 
strongly trapped, it should have a higher jump frequency. 
B. Tensile Tests 
1. Effect of oxygen on Nb-10 at% V alloy 
A strong temperature dependence of the flow stress of bcc metals 
at temperatures below about 0.15 Tnj may be described by the following 
models. These can be classified into two categories; a) those based 
on the dislocation motion overcoming the periodic lattice potential and 
(b) those based on the dislocation motion overcoming the resistance due 
to dispersed short range obstacles, especially interstitial atoms. 
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Ravi and Glbala [18] used the latter model to describe the 
variations of o*, SRS (Ao/2Alnê), AH* and V* with interstitial solute 
concentration for an ideal solution-hardened material. In general, 
decreasing the interstitial concentration for such a material results 
in a lower a*, SRS and AH* but a higher V* at constant temperature. 
For the Nb-10 at% V alloy the tensile test results indicate that the 
oxygen concentration dependence of a* and SRS follows that of an ideal 
solution-hardened material; however, AH* and V* do not vary 
significantly with oxygen concentrations. This lack of a dependence of 
AH* on oxygen concentration is interpreted by Vasudevan [17] as an 
indication that there is more than one rate-controlling mechanism 
involved during the dislocation motion. The exact nature of this 
mechanism is unclear. 
The activation volume, V*, can be expressed as the product of 
Burger's vector, the distance in the force-distance diagram over which 
the extra force is needed and the mean spacing between solute atoms, 
i.e., bdl. The latter term is taken as equal to the Friedel distance 
(6T/TbC)i/'. If d is assumed to be constant, V* should decrease with 
increasing solute concentration due to a decrease in 1. In the present 
study, the activation volume of the Nb-10 at) V alloy does not change 
significantly with concentration over the range of 0.001 to 0.3 at.% 0 
even though the mean spacing decreases by a factor of 6. This suggests 
that the oxygen atoms in the Nb-10 at% V alloy do not occupy random 
octahedral sites, but instead, form clusters in the vicinity of 
specific vanadium trap sites. On the basis of the I.F. results, it was 
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proposed in a preceding section that the P3 peak in the Nb-10 at% V 
alloy is associated with the stress-induced reorientation of oxygen 
atoms in the type n-2 and n-3 cells. Therefore, from combining the 
tensile and I.F. results, it is concluded that most clusters of oxygen 
atoms occupy octahedral sites only in regions of a high density of type 
n-2 and n-3 cells that are in close proximity. 
As has been noted before, Oy does not follow Fleischer's C'/* 
dependence relationship for this alloy system. This model is only 
applicable for very dilute alloys and the alloys in the present study 
that contain 10 &t% substitutional solute and up to 0.3 at$ 
interstitial solute cannot be considered as dilute alloys. In the 
lower oxygen concentration range, the plots of ay versus give a 
fairly linear relationship consistent with the Labush model, which is 
considered applicable to a "moderate" concentration range. The best 
fit of data, however, is represented by a linear concentration 
dependence of the yield stress as proposed by Schoeck and Seeger [31] 
and Hirth and Lothe [32]. The Schoeck and Seeger model assumes that 
strengthening comes from dislocation locks created by the formation of 
Snoek atmospheres of impurity atoms. It predicts that the slope, 
dx/dC, is temperature independent; however, from the plots of ay versus 
C, it can be seen that doy/dC increases with decreasing temperature. 
The Hirth and Lothe model assumes that the net energy, Wgh, that is 
associated with solute-solvent bonds cut and formed in the core region 
of the dislocation for a concentrated solid solution is responsible for 
the solution strengthening. It can be deduced from their equation that 
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doorit/dC should be temperature dependent if Wch increases with 
decreasing temperature. This model best describes the findings of this 
investigation. 
This linear relation between flow stress and oxygen concentration 
for the Nb-10 at$ V alloy is quite different from the C'/* or C'/' 
relationship reported by Ravi and Gibala [18] for oxygen in niobium. 
The hardening coefficient, doy/dC, at 300 K is 382 MPa/at% for the Nb-0 
alloy [55] and 445 MPa/at% for the Nb-10.0 at$ V alloy. These results 
seem to indicate that a V-0 interaction in the ternary alloys produced 
a stronger barrier to dislocation motion than that produced by oxygen 
in niobium. A similar behavior is observed in the Nb-1.0 at$ Ti-O-N 
alloy obtained by Cantelli and Szkopiak [56] where titanium atoms act 
as the trapping center for oxygen and nitrogen. For the Nb-10 at% 
V-oxygen alloy, the dislocation barrier appears to be due to the 
collective action of a group of solute atoms, whereas in the Nb-0 alloy 
the dislocation barrier is considered to be an individual solute atom. 
2. Combined effects of oxygen and hydrogen on Nb-10 atjt V alloys 
A. Alloy softening It has been shown that the yield stresses 
of the Nb-10 a.t% V alloy with 0.6 and 0.8 at% H are almost identical in 
the temperature range 77-483 K. This behavior is consistent with that 
of the ideal solution-hardened material described by Ravi and Gibala 
[18] which predicts that there should be a limiting value for the 
increase in the effective stress with increasing the solute 
concentration. Ravi and Gibala [57] observed a decrease in doy/dT at 
-110 K for the Nb-0.038 at% H alloy. They explained this as being due 
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to the preoipltation of a hydride phase that decreases the number of 
Interstitial obstacles In the solid solution. For the Nb-10 at% V -1.5 
at% H alloy, however, there is no indication of hydride formation in 
the temperature range of 77 to 300 K. This has been shown by a 
combination of low temperature microscopy studies and I.F. measurements 
[10]. Thus, the decrease in doy/dT between 125 and 77 K for the Nb-10 
atjt V alloy cannot be attributed to the precipitation of hydride. 
Neither is it due to twinning, which is a common characteristic of bco 
metal at low temperatures, because twinning was not observed in the 
Nb-10 at% V alloy during testing at 77 K. 
Spitzig et al. [58] found a similar decrease in doy/dT at -130 K 
for a V-5.0 at% Ti-0.33 at% H alloy which also does not form hydride 
precipitates. They explained this behavior by the stress- induced 
ordering of interstitial atoms around dislocations as proposed by Chen 
and Arsenault [59]. Here, the flow stress is assumed to be the sum of 
the athermal and thermal stress components produced by the presence of 
interstitial solutes added to that of the base alloy. As is shown 
schematically in Fig. 45, the athermal stress component is independent 
of the temperature, but there is a maximum in the thermal stress 
component. This is attributed to a relaxation process such as the 
stress-induced ordering of hydrogen atoms as expressed by: 
ix - tZ (22) 
1+(WT)' 
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It will be noted that Eq. (22) is similar in form to that for internal 
friction Q""'. In this case, AT reaches a maximum at WT-1. The yield 
stress of the base alloy increases monotonically with decreasing 
temperature but the addition of the athermal and thermal stress 
components to it gives the upper curve of Fig. 45. 
Tanaka and Koiwa [60] identified a hydrogen relaxation peak at -60 
K (f-0.8 Hz) in a V-3.9 at% Ti-1.5 at$ H alloy by I.F. measurements 
which they interpreted as due to reorientation of hydrogen around the 
titanium atoms. Since a hydrogen relaxation peak is observed in the 
Nb-10 at$ V alloys at -85 K, this supports the conclusion that stress-
induced ordering of hydrogen is responsible for the observed alloy 
softening behavior at -125 K in this alloy regardless of the presence 
of oxygen. 
b. Strengthening effect As is seen from Fig. 46, the 
increment of flow stress for the Nb-10 atSS V alloy containing 0.6 and 
0.8 at) H reaches a maximum of -100 MPa at -125 K. This is 
approximately half that for the Nb-10 at) V-0.13 at) 0 alloy containing 
0.67 at) H alloy at the same temperature. From this we see that 
hydrogen produces a much greater strengthening effect in this alloy 
over the entire temperature range in the presence of oxygen. The I.F. 
results do not provide evidence to support a strong 0-H interaction as 
is indicated by the tensile test results, however. 
Ravi and Gibala [57] reported that the flow stress of a series of 
Nb-H alloys is proportional to the square root of the hydrogen 
concentration. For the Nb-10 at) V-0.13 at) 0-hydrogen alloy, however. 
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Fig. 15. Schematic diagram of total flow stress, base alloy stress 
component, thermal and athermal stress components 
i 
X - Nb-10 at. % V- 0.60 at. % H 
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Fig. 46. Increment of flow stress versus temperature for Nb-10 at$ 
V-hydrogen alloy and Nb-10 at% V-oxygen hydrogen alloy 
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it is difficult to determine if the plots are best described by a C^/*, 
C*/' or C relationship. A regression analysis shows a slightly better 
fit for concentration dependence of the flow stress but it is 
inconclusive. It will be noted from Table XV that the hardening 
coefficient, day/dC, reaches a maximum at -168 K, irrespective of the 
type of concentration dependence. This is in the temperature range in 
which a ductility minimum occurs in these alloys (Fig. 3%). 
c. Ductility For the Nb-10 at% V alloy containing 0.6 and 0.8 
at% hydrogen, a return of ductility between 125 and 77 K Is observed In 
the reduction of area but not in the uniform plastic elongation. The 
onset of necking was observed for all tensile specimens in the 
temperature range 77 to 483 K which suggests that the return-of-
ductillty phenomenon may be related to a change in the strain rate in 
the necked region. During necking, the effective gage length, L, 
decreases because the deformation is concentrated In the necked region 
and the cross-head speed, V, is constant. This produces an Increase in 
the strain rate, e, which is equal to V/L. As was noted previously, 
the SRS (Ao/2Alne) of the hydrogenated Nb-10 at% V alloys reaches a 
maximum value at -150 K. This indicates that the increment of stress, 
Aa, should be maximum at -150 K for a given incremental strain rate. 
In the Ludwlk model [61], it is assumed that fracture should occur 
whenever the flow stress equals the fracture stress and this fracture 
stress Is relatively Independent of temperature. Therefore, at -150 K, 
where the SRS is greatest, the flow stress In the necked region will 
reach the fracture stress earlier than at the other temperatures. 
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Thus, the observed minimum in % reduction of area at -150 K may be 
associated with a high SRS which causes fracture to occur as soon as 
necking begins. 
A similar result is observed for Nb-10 at/f V-0.13 at? 0 alloy with 
0.36 and 0.55 at% hydrogen. Here, again, the maximum in the SRS and 
the minimum in the % RA occur at the same temperature (-170 K). 
For the alloy containing 0.13 at? oxygen and 0.67 at? hydrogen, 
there is no indication of the return of ductility at 77 K in the ? R.A. 
and only a small indication in the % plastic uniform elongation. Also, 
the loss of ductility due to hydrogen is much more pronounced in the 
presence of oxygen than in the oxygen-free alloy. Thus, the combined 
presence of oxygen and hydrogen appears to have a synergistic effect on 
the ductility of the Nb-10 at? V alloy. 
d. Activation volume and activation enthalpy Comparing the 
effects of hydrogen with the combined effects of oxygen and hydrogen on 
the activation volume of the Nb-10 at? V alloy (see Figs. 30 and 39), 
it appears that the oxygen addition has little, if any, effect on the 
activation volume of the Nb-10 at? V-hydrogen alloy over the entire 
effective stress range. The Implication of this observation is that 
there is no significant change in the distance between dislocation 
barriers due to the combined presence of hydrogen and oxygen in this 
alloy. 
The rather large drop in the activation enthalpy in the high 0* 
region for the hydrogenated alloys that is evident from Figs. 31 and 40 
is clearly associated with the alloy softening accompanying the 
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decrease in doy/dT in this effective stress range. The anomalous 
plateau observed between 0 and 100 MPa in the low-oxygen alloys is 
probably due to the large error in the magnitude of the slope, 
especially in the higher temperature range, 373 to 483 K. Thus, the 
addition of oxygen does not appear to significantly affect the 
activation enthalpy of the Nb-10 at% V-hydrogen alloy, especially at 
low temperatures or at high effective stresses. 
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VI. CONCLUSIONS 
For the Nb-0.24 at% V and Nb-0.42 at% V alloys, a vanadium-oxygen 
Interaction peak Is present at -500 K for low oxygen concentrations. 
However, at concentrations of Co/Cv>1, a second peak corresponding 
to that of the unperturbed oxygen Snoek peak In niobium appears at 
-400 K. 
The 500 K peak Is attributed to a Snoek-type single relaxation 
process for oxygen atoms trapped by vanadium In the type n-1 cells. 
The activation enthalpy for relaxation of oxygen atoms was found to 
be 136 ±6 kJ/mol as compared to 113 ± 6 kJ/mol for the Snoek 
relaxation process for oxygen at free sites In the niobium lattice. 
The relaxation strength of the s-1 Interaction peak in the 
niobium-rich alloys is about half of that for oxygen in unalloyed 
niobium. 
The substitutlonal-lnterstitlal interactions observed in this 
investigation were analyzed in terms of the various elastic and 
chemical interaction models proposed and chemical Interaction 
models proposed in the literature. The Internal friction results 
tend to support the quasi-chemical model in preference to the 
different elastic interaction models. 
For the Nb-2.5 at% V, the Nb-5.0 at$ V and the Nb-10 at% V alloys, 
a second vanadium-oxygen interaction peak is observed at -650 K. 
This peak is interpreted as a relaxation process of oxygen atoms 
associated with the type n«2 and n-3 cells. The activation 
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enthalpy for the 650 K peak is 182 ± 8 kJ/mol for the Nb-5.0 at% V 
alloy and 192 ± 9 kJ/mol for the Nb-10 at% V alloy as compared to 
137 ± 6 kJ/mol for the 500 K peak. 
For unalloyed niobium containing both oxygen and hydrogen, there is 
little if any effect of hydrogen on the oxygen Snoek relaxation. 
Thus, there is no indication of an 0-H interaction at high 
temperatures. 
For the Nb-10 at$ V alloy containing both hydrogen and oxygen, the 
addition of oxygen does not appear to significantly affect the 
hydrogen relaxation. Thus, there is no evidence from internal 
friction results of an oxygen-hydrogen interaction at low 
temperatures in this alloy. 
The addition of oxygen to the Nb-10 at% V alloy increases both the 
athermal and the thermal stress components of this alloy. The 
effect is more pronounced on the thermal stress component than on 
the athermal stress component. 
The 0.2% yield stress is proportional to concentration which is 
predicted for a concentrated solid solution. 
The results of the activation volume analysis for the Nb-10 at% 
V-oxygen alloy suggest the formation of oxygen clusters which 
occupy octahedral sites associated with type n=2 and n=3 cells that 
are In close proximity. 
For the Nb-10 at% V alloy containing hydrogen, alloy softening is 
observed at -125 K regardless of the presence of oxygen up to 0.13 
at%. This softening is explained by the contribution of the 
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thermal stress component that is associated with the stress-induced 
ordering of hydrogen atoms. 
12, The return of ductility is observed at low temperatures for the 
Nb-10 at% V alloy with up to 0.8 at% hydrogen and the Nb-10 at% 
V-0.13 at% 0 alloy with up to 0.55 at? hydrogen. The temperature 
at which the minimum ductility occurs may be correlated to the 
maximum in SRS. 
13. There is a synergistic effect between oxygen and hydrogen on the 
tensile yield stress and ductility of the Nb-10 at% V alloy. 
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IX. APPENDIX A: HALF-PEAK WIDTH BROADENING 
From Eq. (1), the maximum of Q~' is obtained for the condition 
1+(WT)* - 2(WT)^ 
] _ 0 
[1+(WT):]: 
1 + (WT)* - 2(WT)® - 0 
1 - (w?)* " 0 
(WT)® « 1 
WT - 1 (9.1 ) 
dQ"' 
d(WT) 
A[1+(WT)'] - AWT 2WT 
[1+(WT):]: 
Substitute this condition to Eq. (1), we get 
(9.2) 
At half Qrâàx» Cr'-A/4, applying this value into Eq. (1), we 
obtain 
AWT 
T 1+(WT)^ 
1 + (WT)® - 4WT = 0 
WT =" 2 ± /3 (9.3) 
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From the Q"' versus T plot, at half maximum Q"*, we get two 
different temperatures, T, and T,. Applying these temperatures to Eq. 
(A3), we get 
WT exp (— ) - 2 + /3 (9.4) 
and 
° RTj 
WT exp (iii ) . 2 - /3 (9.5) 
RTa 
From the ratio of Eq. (A4) and (A5), we obtain the following relation 
(1 - 1) - 1 in (9.6) 
T, T, 4H 
The half-peak width broadening, W, is defined as 
W - - 45.7 AH (9.7) 
R 2+/3 Ti T 
ÂH 2=73 2 
where Tx and Tj are in K and AH is in kJ/mol. 
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X. APPENDIX B: TRUE ACTIVATION VOLUME AND TRUE ACTIVATION ENTHALPY 
The Gibbs free energy of activation can be defined as 
AG - AGQ-TV* (10.1) 
where AGQ is the area under the force distance diagram. From Eq. 
(10.1), one can obtain 
V* - - (10.2) 
3T 
The Gibbs free energy can also be expressed following Eq. (6) as 
AG - - kTdne - Inso) (10.3) 
Combining Eq. (10.2) and (10.3), we obtain 
V* -- . kT - kT (10.4) 
3T 3T 3T 
The experimental activation volume can be defined as 
V, - kT . 2kT (10.5) 
Thus, Eq. (10.4) becomes 
V* - Vgpp - kT iiHifl (10.6) 
where V* is the true activation volume. 
From the usual thermodynamic relationship, one can obtain the 
Gibbs-Helmholtz equation 
132 
AH* - -T^ 9(AG/T) 
BT 
Equation (10.3) oan be rewritten as 
AG/T » -k (Ine - Ineo) 
so, from Eqs. (10.7) and (10.8) we obtain 
AH* - kT® - kT® 
"IT" 3T 
The experimental activation enthalpy can be defined 
,2 3lne 
^app - kT' 
3T 
Thus, Eq. (10.9) becomes 
AH* - AH,- kT® ^^"^0 
app 3T 
where AH* is the true activation enthalpy. 
